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Abstract

Abstract

The development of simple, inexpensive, sensitive, and selective bioanalytical methods is

essential for advancing many aspects of life research, such as the diagnosis and treatment of

disease, drug delivery, forensic identification, environmental monitoring, and quality
monitoring of industrial products.etc. are essential. Organic small molecule fluorescent probes
are widely used in fluorescence-based bioanalytical sensing due to their excellent properties.

Meanwhile, aggregation-induced emission (AIE) molecules have excellent properties, such as

good photostability, thermal stability, chemical inertness, high fluorescence quantum yield, and

long fluorescence lifetimes, which are of great significance for analytical applications. In
addition, perylene-3,4,9,10-tetracarboxylic acid and phorbol series derivatives are good
precursors for the synthesis of fluorescent probes with a variety of properties and structures as
well as promising applications. Therefore, we have synthesized perylenimine compounds

(PBIs), cyanine derivatives, and AIE molecules, extensively investigated their properties, and

developed a series of applications. On this basis, we present the development and application

of various fluorescent probes customized for specific sensing tasks. These probes are suitable
for a variety of fields ranging from chemical detection to healthcare, safety and product
authentication. The main results of the paper are listed below:

1. Nitric oxide (NO) sensing N-PBI: Nitric oxide (NO) plays a crucial role in physiology and
pathology, so the development of highly sensitive and selective fluorescent probes for its
detection is essential. In this study, a novel NO sensing fluorescent probe, N-PBI, was
synthesized, which exhibits excellent sensitivity, low detection limit, and fast response
time compared to existing probes. Detailed property studies and cellular imaging further
highlighted its application value. Notably, the probe was embedded in a thin film for
sensitive detection of nitric oxide in air, thus expanding its utility and demonstrating its
great potential in the detection of NO.

2. BN-bonded sensor (BNOH) for efficient detection of picric acid (PA): Trace Detection of
Nitro Explosives Plays Important Role in Homeland Security. This section outlines the

design and synthesis of a BN-bonded sensor, BNOH, for the detection of picric acid (PA).
I
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BNOH is easily synthesizable and highly yielding, and possesses an aggregation-induced
emission (AIE) effect, and its solid-bright fluorescence makes it an excellent sensor.
BNOH exhibits excellent selectivity and sensitivity with detection limits up to the ppb
level. The PA response mechanism of BNOH was explored by a computational simulation
approach. Notably, this study demonstrated that trace solid PA can be easily and rapidly
detected using the BNOH paper sensor.

pH sensing arrays for cosmetic certification pC: Cosmetic consumption is a hot issue of
concern, and in the context of cosmetic certification, we designed and synthesized pH
sensors and applied them to ensure cosmetic safety. The study started with the design of
two probes, CH with aggregation-induced emission (AIE) properties and the near-infrared
fluorophore derivative CYTYR. By encapsulating these probes in DSPE-PEG2000-NH2,
CYCH nano-micelles with fluorescence resonance energy transfer (FRET) response were
generated. These probes were combined into a sensor array called PC for sensitive
detection over a wide pH range (5.25 to 9.05.) The PC sensor array effectively
differentiated anti-aging creams from different countries, providing a fast and accurate
method for cosmetic safety identification, and demonstrating its significant potential in the
consumer health and cosmetic safety industries.

"Clinical" Liposomal CST for Sensitive Hypochlorite Detection: Hypochlorite (HCIO)
plays an important role in the body, and inflammation is often accompanied by aberrant
expression of hypochlorite. Therefore, the development of sensitive hypochlorite detection
probes is urgent. Two probes, Se-TPA and CYLYS, were designed, synthesized and
characterized. se-TPA has aggregation-induced emission properties and CYLYS is a near-
infrared emitting fluorophore. Both probes were used to create a clinical liposome CST
with FRET effects, enabling the proportional detection of hypochlorous acid. The CST
had a wide detection range (0-30 uM) and a detection limit as low as 17.5 nM.
Computational simulations and mass spectrometric characterization confirmed the
response mechanism. Selectivity and stability tests produced good results, demonstrating

the potential of CST for hypochlorite detection and imaging of rheumatoid arthritis.
II
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Introduction

This thesis describes the synthesis of a series of fluorescent probes and a detailed study of their
structural and property characterization. New AIE molecules have been synthesized and their
properties revealed, thus expanding the understanding of their possible applications and
developing simple, fast and convenient methods for the analysis of sensing and interfacial
applications. Chapter 1 demonstrates in detail the basic concepts and principles underlying the
subject of the experimental study.

1.2 Photoluminescence: Theory and Principle

Photoluminescence (PL) is a phenomenon of light emission from a matter after being excited
by a photon. It is one of the forms of luminescence. Photoluminescence examines the electronic
structure and optical properties of luminogenic materials and is a nondestructive technology.
After being excited various process of relaxation with variable time domains typically occur
ranging from femtoseconds in plasma to milli-seconds in molecular systems. In special cases,
emission may delay up to minutes or hours. Based on the time domain PL is classified into
phosphorescence (Long-time) and fluorescence (Short-time). Phosphorescence is a
phenomenon where molecules relaxed from excited singlet state to the ground singlet state
passing through an excited triplet state. The excited triplet state has a much longer lifetime, thus
it is a delay process and the spin of an electron is inverted during the process. So it is quantum
mechanically a forbidden transition. In contrary fluorescence is a kind of PL where molecules
relaxed to the ground singlet-state from an excited singlet-state without changing the electron
spin. Thus it is fast and allowed transition with excited state lifetime of 10 - 10 s.[1-3]

1.3 The Basic Concept of Fluorescence

Fluorescence is the member of ubiquitous luminescence family of processes that involves the
absorption of light of a particular wavelength and emission at a longer wavelength on relaxation
after a short interval of time term as fluorescence lifetime. [2-5]The mechanism of fluorescence
involves three basic events. The excitation of the molecular system by an incoming photon that
particularly occurs in femtoseconds (107'° s), the vibrational relaxation of the excited electron

to the ground vibrational level that occurs in picoseconds (107'%s) and the emission of a photon
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at a longer wavelength. Thus the molecules return to the ground state relatively at the time
period of nanoseconds (10°s). In fact, the phenomenon of fluorescence is the stunning
manifestation of the molecular interactions with electromagnetic radiations (EMR). The
expensive fields of time-resolved and steady-state spectroscopy and microscopy were
originated on the basis of these interactions. [1, 2, 4, 5]These techniques are rapidly becoming
significant tools in various disciplines such as biosensing, genetics, medicine, and cell biology
etc.[3, 6-10] [11, 12]

The term fluorescence was first coined in honor of fluorspar (a blue-white fluorescent mineral)
in 1852 by Sir George G. Stokes.[13] And he described the phenomenon of fluorecence for the
first time. The wavelength shift to longer values was named as Stokes shift that bears his name.
Two German physicists Otto Heimstadte and Henrich Lehmann together developed first
fluorescence microscope in 1913 that was the mildstone discovery of the time. The study of
dye binding in tissues and living cells employing fluorescence microscopy by Stanislav Von
Provazek had launched a new era. In 1940s immunofluorescence was emerged as a new field
introduced by Albert Coons by developing a technique for labeling antibodies with fluorescent
dyes. Thus in the 21%-century fluorescence microscopy has revolutionized the cell biology and
genetics by coupling the power of cell imaging and molecular systems with encoded fluorescent
probes. [3, 11, 14, 15]

Highly conjugated polycyclic aromatic hydrocarbons are generally associated with
fluorescence. For any specific molecules there exist different electronic states termed as So,
Si, .... Sn. Each electronic state further comprises of vibrational and rotational levels. In the
ground state, all electrons are spin paired. At room temperature, most of the molecules exist in
the lowest vibrational level of the ground state. Thus excitation process begins from this level.
[16-18] A group of molecules that can undergo the electronic transition and induce the
fluorescence are termed as fluorochromes or fluorescent probes. [3, 6, 9, 19, 20] In
fluorochromes, absorption occurs in different molecular orbitals between closely spaced
vibrational and rotational energy levels of excited states. Jablonski energy diagram best
describes the various energy levels involved in the absorption and emission of EMR by

fluorochromes (Fig. 1.1).
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Jablonski Energy Diagram
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Fig. 1.1: The typical Jablonski diagram illustrating the Iuminescence processes in

fluorochromes. [3]

A typical Jablonski diagram illustrates the singlet ground state, first and second excited states
as So, S1, and S, respectively. The transition between states is illustrated by lines. The straight
lines are associated with absorption and emission process and wavy lines denote the non-
radiative relaxations process or molecular internal conversion. [3]

The emission of a photon from an excited fluorochrome is measured in terms of quanta. The
Plank’s law best describes the energy in a quantum in terms of equation

E =hv =hc/A

Where E, v, and A are the energy, frequency and wavelength of photon, h is planks constant and
c is the speed of light. The absorption of a photon by the fluorochromes occurs due to the
interaction of oscillating electric field vectors of EMR with electrons in the molecules and it
only occurs with specific wavelength termed as absorption band. The broad absorption bands
in emission spectra arise from the closely spaced vibrational levels and thermal motion. The
fluorescence studies were conducted usually in the wavelength range of 250 to 700 nm. Several
processes occur after the absorption of a photon. The most likely event is the relaxation to the

lowest vibrational level of S1. The process is termed as internal conversion. The fluorochromes
3
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mostly undergo excitation and emission process hundreds to thousands of time before the
excited molecules photobleached. Various relaxation processes with varying degree of
probability compete with fluorescence. The molecules should undergo spin conversion to
produce unpaired electrons. It indicates the low probability of the intersystem crossing. In the
triplet state molecules exhibit a high degree of chemical reactivity. It results in photobleaching
and the generation of toxic free radicals. For instance, oxygen is an effective quenching agent
for most fluorophores in the triplet state. The triplet molecular oxygen excites to the reactive
singlet oxygen and bleaches the fluorophore or exhibit the phototoxic effect on living cells. [21]
The Frank Condon principle describes the probability of occurring a transition. According to
this rule, the degree of similarity between the vibrational and rotational energy states defines
the transition from the ground state to the excited singlet state. The nuclear configuration of the
molecules does not change due to the faster transition. [15]

1.4 Fundamental Parameters of Fluorochromes

The efficiencies of fluorochromes are usually described in terms of three fundamental
parameters that include molar absorption coefficient, quantum yield and lifetime. [22]The
molar absorption coefficient (€) is the measure of the ability of fluorochrome to absorb EMR.
The fluorochromes holding high € values have more probability of fluorescence emission. [3]
The quantum yield (®) is the measure of the efficiency of fluorescence emission relative to the
total possible ways of relaxation. In general, it is the ratio of a number of photons emitted to
the number of photons absorbed. The value ranges between 0-1. The high quantum yield is

desirable for sensitive applications. The quantum yield can be expressed mathematically as

_ Photons emitted
" Photons Absorbed

The value of @ of a fluorochrome varies with the environmental conditions such as pH,

concentration, and solvent system.

The fluorescence lifetime is the time a fluorochrome spare at excited state prior to coming to
the ground state. It is a parameter to gather the information from emission profile. The
fluorophores usually undergo conformational changes and interact with other molecules during

the excited state lifetime. The decay of fluorescence intensity as a function of time can be
4
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described by the equation
I(t) =1,.eCt/D

Where I(t) is the intensity of fluorescence measured at time t, I, is the initial intensity at t =0
and t is the fluorescence lifetime. The lifetime of the fluorophores can be measured by
measuring the fluorescence decay after excited by a short pulse of excitation. The fluorescence
decay is mono-exponential in uniform solvents. In complex systems, the decay is multi-
exponential. [3, 22] Besides the fluorescence, several other pathways are possible for the decay
of excited molecules such as intersystem crossing and quenching. All non-fluorescent pathways
can be combined into single rate constant and denote by K(nr). The quantum yields can also be

expressed in terms of rate constants and lifetime.

® = Photons emitted _ Kf
"~ Photons Absorbed  Kf + Knf

= 1f/1q

K(f) is the rate constant of fluorescence decay. 1;is intrinsic lifetime. The measured lifetime (1)
can never be greater than an intrinsic lifetime. So the maximum value of @ is unity. The
fluorescence lifetime of probes has significant benefits over fluorescence intensity because the
lifetime measurements are less sensitive to photobleaching objects than intensity. Lifetime can
also be used as a probe to distinguish the fluorophores which have similar spectral features.[3,
21-24]

1.5 Quenching and Photobleaching

The terms photo-bleaching and quenching are associated with the effective reduction in the
emission intensities of fluorochromes. The two terms can be distinguished that quenching is a
reversible phenomenon and photo-bleaching is an irreversible process. Quenching is caused by
the non-radiative relaxations that dramatically lower or completely eliminate the emission.
Most often, quenching reduces the excited state lifetime and quantum yield of fluorochrome.
The deactivation of excited state fluorochromes as a result of collision with nonfluorescent
molecules is common examples of quenching. Oxygen, amines, halogens, and electron
deficient organic molecules are common collisional quenching agents. Spin-orbit coupling,

electron transfer, and intersystem crossing are the common mechanisms of collisional (dynamic)

5
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quenching. On the other hand, static quenching arises from the formation of a non-fluorescent
reversible complex between fluorophore and quencher in the ground state. Dipolar resonance
energy transfer is another mean of static quenching. [25, 26]

Photo-bleaching is a phenomenon in which a fluorophore undergo a covalent modification and
photon induces chemical damage and losses fluorescing ability permanently. The irreversible
covalent modification arises when a fluorophore interacts with another molecule upon the
transition from excited singlet state to the excited triplet state. Some fluorophores bleach
quickly and others take a long time. Photodynamic is a photobleaching event that involves the
interaction of the fluorophore with oxygen and light. This reaction permanently destroys the
fluorescence and produce free radical and singlet oxygen species that have the ability to modify
the chemistry of other molecules in living cells. The extent of photobleaching due to
photodynamic is a function of the concentration of molecular oxygen and the distance between
interacting elements. By reducing the exposure time or lowering the energy of excitation the
photo-bleaching can be reduced. [26, 27]

1.6 Solvent Effects on Fluorescence

Various micro-environmental factors affect the fluorescence emissions that include interactions
of solvent molecules and fluorophores, pH, solvent polarity, temperature and concentration of
fluorescent materials. The extent to which these variables affect varies from one fluorophore to
another. A fluorophore at excited state can be considered as another molecule relative to the
molecule in the ground state. Because they display different properties with regards to
interactions with microenvironments. The dipole moment of solvent molecules surrounding the
fluorophores interacts with the dipole moment of fluorophores in solution. The change of
ground state molecule to the excited state molecules induces the change in dipole moment. And
thus induce a rearrangement of surrounding solvent molecules. The solvent molecules stabilize
the fluorochrome by lowering the energy of excited states through reorientation around the
excited fluorophore termed as solvent relaxation. And induce a red shift in fluorescence
emission by reducing the energy difference between excited and ground states. Increasing the
solvent polarity enhances the solvent effect on the excited state and can enhance the signal
intensity and display large fluorescence Stoke shifts that offer the high degree of selectivity and

6
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sensitivity for sensing applications. Thus the polarity of the fluorophore is a parameter to
determine the sensitivity of the excited state to the solvent effect.[3, 11, 28]
1.7 Resonance Energy Transfer (RET)
RET is a process in which an excited state fluorophore as a donor, nonradiatively transfers its
excitation energy to the acceptor (a neighboring chromophore) through long-range dipole-
dipole interaction. The donor fluorochrome can be assumed as an oscillating dipole that
transfers its energy to a chromophore of a similar dipole at a particular resonance frequency
like the behavior of coupled oscillators. The RET occurs when the emission spectrum of donor
overlaps with the absorption spectrum of the acceptor. In the processes of RET, the emission of
the donor is quenched in the presence of acceptor and the emission of acceptor increases.
However, the process does not involve the subsequent absorption of photon by acceptor with
the emission of a photon by the donor. The efficiency of RET varies with the degree of spectral
overlap and the distance between the donor and acceptor. RET can be detected by monitoring
the changes in emission of acceptor with exciting at the wavelength corresponding to the
absorption maxima of the donor. The efficiency of RET (Er) and rate of energy transfer (Kr)
are related to lifetime of donor in the presence and absence of acceptor that can be expressed
as:
6
k= () ()
R, is the critical Forster distance i.e. the separation radius between donor and acceptor where
the energy transfer probability equals the donor decay rate in the absence of the acceptor. T is
the lifetime of the donor in the absence of acceptor. The energy transfer efficiency is related to
the separation distance between donor and acceptor
r = Ro[(1/Er) — 1]"/°
Where Er =1 - (tpa/tp). Thus r and Er can be determined by measuring the lifetime of the
donor in the presence and absence of acceptor. The Fluorescence resonance energy transfer
(FRET) based systems show high selectivity and sensitivity for the sensing applications. [29-
32]
1.8 Instrumentation

Different types of fluorescence detection instruments have been designed, each with the definite

7
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experimental method. However, the fluorescence detection instruments possess four basic
components

a. Excitation source

b. Fluorophore Chamber

c. Filter

d. Detector

In our experiments, we used Fluormax-4 spectrofluorimeter installed at the Biosensor Lab (Fig.
1.2). The instrument is equipped with Xenon lamp as radiation source that is focused on the
entrance slit of excitation monochromator with an elliptical mirror. The slits are bilateral that
can be continuously adjustable from the computer. The excitation monochromator ensures the
image of the light diffracted from the grating fits via the slit. The instrument is equipped with
a reference detector that monitors the intensity as a function of time and wavelength before the
excitation light reaches the sample. For this purpose, photodiode detectors are commonly used.
A sample chamber is allowed to use accessories. The features associated with the excitation
monochromator are also incorporated into the emission monochromator. The electronics of the
emission detector employ the photon counting that concentrates on signals originated from
fluorescence emission. The fluorescence measurements are controlled by FluorEssence™

Software from a computer.[11, 33]

e e P -

Fig. 1.2: Fluoromax-4 Spectrofluorometer used for fluorescence studies installed at Biosensor
lab.
1.9 Fluorescent Probes

A fluorescent probe is a fluorophore designed to respond a specific analyte or localize within a

8
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specific region of the biological specimen. In general, fluorescent probes are intrinsic or
extrinsic. Intrinsic fluorophores occur naturally such as porphyrins, neurotransmitters, and
aromatic amino acids etc. Extrinsic fluorophores are synthetic dyes or modified biochemicals
that induce fluorescence with specific spectral properties. Thus fluorescent probes can be
further divided into organic dyes, metal-ligand complexes, biological fluorophores, and
quantum dots. Millennia was used for the first time in 1990 as a biological fluorophore. Since
then various proteins have been designed and used commonly for biological research. However,
the use of fluorescent proteins is time-consuming and can induce toxicity if generate reactive
oxygen species. Biological fluorophores normally do not reveal the photostability and
sensitivity as offered by synthetic fluorescent dyes. [34]

Quantum dots provide the tight control over the spectral features. They were developed in the
1980s and since increasingly used in fluorescence base applications. The quantum dots were
reported to be more stable. And they can be used for different biological applications. However,
the cell toxicity in response to the breakdown of particles was reported. The quantum
confinement effect and cross-linked enhanced emission effects are common PL mechanisms

described for quantum dots. [34, 35]

Porphyrines [Neurotransmltters] [Orgamc Dyes] Metal-Ligand Complexes]

Intr|n5|c Probes

Extr|n5|c Probes
(Natural) Fluorescent

Probes (Synthetic)

[Amino Acids ] [Modmed B|oChem|caIs [Quantum Dots]

Scheme 1.1 Classifications of fluorescent probes

Fluorescein was the first fluorescent compound used in research. Since then organic dyes and
metal-ligand complexes are widely used fluorescent probes. The small size of these probes has

benefits over biological probes for bioconjugation techniques. They can be cross-linked with

9
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macromolecules without interfering biological functions. A wide variety of dyes with desirable
absorption and emission behaviors are commercially available for different applications. These
probes provide unlimited opportunities for monitoring the simple and complex biological and
environmental systems to make the world safer, healthy and cleaner. [10, 19, 20, 23, 36-38]
1.10 Small Molecular Organic Fluorochromes

Due to the fluorescence abilities small molecular probes has prime importance as sensing and
labeling elements in bio-analytical techniques such as disease diagnosis, environmental
monitoring, macromolecular (protein, DNA, RNA etc) analysis, control self-assembly and
particles aggregation. The molecular probes based fluorescence techniques offer high
sensitivity and selectivity, simple operation and cost-effectiveness. The simplicity of these
techniques is due to the use of small changes in fluorescence signals. Most of the small
molecular probes exhibit the concentration quenching or fluorescence turn-on based on which
a number of sensing strategies have been developed. Condensed polycyclic aromatic
hydrocarbons (PAHs) are the organic fluorochromes of prime importance. They display
excellent thermal stability, high quantum yields, and longer lifetime. Pyrene, perylene,
anthracene, coronene, and benzo[ghi|perylene etc are commonly used PAHs for probing
application. The structures and properties of these probes can be fine-tuned in a controlled
manner through derivatization. However, they often exhibit the disadvantages of being water-
soluble and easy to gather in organic solvents. This limits their own application.

1.11 Aggregation-induced emission

The Aggregation-Induced Emission (AIE) effect, a groundbreaking phenomenon in the field of
luminescent materials, was discovered by Professor Ben Zhong Tang and his research group.
This discovery fundamentally altered our understanding of light emission in molecular
aggregates compared to traditional chromophores.

The mechanism behind the AIE effect is based on the restriction of intramolecular rotation
(RIR). In traditional fluorescent dyes, when the dye molecules aggregate, their fluorescence is
usually quenched due to non-radiative energy transfer between the molecules. However, in AIE
dyes, when the molecules aggregate, their rotation is restricted, preventing non-radiative energy
transfer and allowing fluorescence to be maintained or even enhanced. This mechanism can be

10
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achieved by introducing rigid structural units, such as benzene rings or triazine rings, into the
dye molecules.

AIE luminogens have found applications in various high-tech domains, serving as
chemosensors, bioprobes, and solid-state emitters. When employed as chemosensors, AIE
luminogens are invaluable for detecting volatile organic compounds (VOCs), addressing
hygienic and environmental concerns. As bioprobes, these luminogens serve as turn-on
biosensors, emitting light upon binding to biological molecules, offering advantages over their
turn-off counterparts. To enhance their versatility, hydrophilic functional groups, including
hydroxyl, amino, ammonium, sulfonate, and boronate, are incorporated into the AIE dye
structures, making them water-soluble. Additionally, AIE luminogens exhibit exceptional
performance as solid-state emitters, making them integral to light-emitting devices.

One of the most distinguishing features of AIE systems is their unique response to concentration.
In contrast to traditional chromophores, which typically exhibit strong fluorescence in dilute
solutions but become non-emissive in aggregated states due to excimer or exciplex formation,
AIE luminogens display precisely the opposite behavior. AIE luminogens are non-emissive in
solution but become highly emissive in the aggregated state, owing to the RIR mechanism. This
extraordinary characteristic endows AIE luminogens with remarkable sensitivity to changes in
concentration, rendering them ideal for use as concentration sensors.[39-42]

1.12 Recent Applications based on Fluorescent Probes: A Brief Review

Over the last decades, luminogenic materials have been utilized extensively for high tech
innovations. Various new luminogenic materials were developed through mechanistic synthetic
strategies that offered useful applications. [43-56] Number of fluorochromes displayed
excellent PDT effect and utilized for photodynamic therapy. [57-60]

Professor Enzo and his team developed a novel near-infrared fluorescence dye targeted at the
gastrin-releasing peptide receptor (GRPR) for image-guided surgery of prostate cancer. The
article provides detailed information on the synthesis of the fluorescent dye, in vitro
experimental results, and in vivo imaging results in a mouse model. The results demonstrate
that the fluorescent dye can effectively identify prostate cancer tissue and improve the

identification rate of malignant tissue during surgery. The authors further discuss the potential

11
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applications of this technology in prostate cancer surgery, as well as its limitations and future
research directions. Although further research and validation are needed, this technology shows

great promise and deserves further attention and investigation.[61]

Fig. 1.3 Novel Gastrin-Releasing Peptide ReceptorTargeted Near-Infrared Fluorescence Dye

for Image-Guided Surgery of Prostate Cancer developed by E.Terreno et, al[61]

Tang,B.Z. et al propose an innovative approach to address challenges in deep tissue imaging by
developing a novel aggregation-induced emission (AIE) luminescent material with unique near-
infrared 1i(NIR-II) excitation and near-infrared i(NIR-I) emission properties. This paper
describes the characteristics of AIE fluorescent substances, including their high fluorescence
quantum yield and strong fluorescence emission in the aggregation state, and their application
in deep tissue imaging. The paper also introduces the method of ultra deep in vivo two-photon
microscopy imaging using NIR II excitation and NIR I emission, and discusses the application
of AIE fluorescent substances in this imaging technique. In addition, the paper describes the
potential applications of AIE fluorescent substances in other biomedical applications, such as
fluorescence probes and fluorescence sensors. Overall, the literature provides detailed
information on the use of AIE fluorescent substances in deep tissue imaging and explores its

potential applications in the biomedical field.[62]
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Fig.1.4 Aggregation-Induced Emission Luminogen with Near-Infrared-II Excitation and

NearInfrared-I Emission for Ultradeep Intravital Two-Photon Microscopy by Tang. Et.al. [62]

F. Zhang et.al introduce a new type of chemiluminescence sensor that operates in the second
near-infrared window (NIR-II CLS) with a deep penetration depth. The sensor can detect local
inflammation in mice with a 4.5-fold higher signal-to-noise ratio than that under the NIR-II
fluorescence modality. To achieve this goal, the researchers engineered the cascade CRET and
FRET processes and designed dyes with excellent energy match and large Stokes shift
characteristics to efficiently transfer chemical energy. The sensor provides a promising
perspective and strategy for constructing probes with extended emission wavelength in classical
CL for higher contrast imaging and offers the possibility of sensing various analytes by
changing the chemiluminescent substrate in the future. Although the sensitivity and brightness
of the current NIR-II CLS are still not ideal, the present results indicate that the NIR-II CLS is
promising for NIR-II CL in vivo imaging with higher SNR compared to the NIR-II fluorescence

signals in the same system.[10]
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Fig. 1.5 An NIR-II chemiluminescent molecular sensor for high-contrast imaging of

inflammation in vivo developed by Zhang et. al.[10]

Fluorescent probes play a crucial role not only in vivo but also in vitro.Li et al. have achieved
the construction of a highly efficient and sensitive sensor array by conducting an in-depth
investigation into the emission transition of the perylene probe monomer-radical group. This
sensor array exhibits remarkable selectivity and sensitivity towards diverse metal ions and
drinking water samples, while offering the significant advantages of real-time monitoring and
multi-target detection capabilities. Furthermore, the research delves into the differentiation of
various metal ions and drinking water samples, thereby expanding the prospects for the
practical implementation of this sensor array. This pioneering study not only introduces novel
concepts and methodologies for the advancement of water quality assessment, characterized by
enhanced efficiency, precision, and real-time monitoring, but also furnishes valuable insights
for the design and fabrication of fluorescent sensor arrays. It is anticipated that this technology
will find extensive applications in the realms of environmental monitoring and ensuring the

safety of drinking water in the foreseeable future.[20]
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Cations induced perylene probe self-assembly and the corresponding probe fluorescence spectral changes
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Fig 1.6 Fluorescent sensor arrays based on peroxyacetic acid probe monomer-excimer emission
transition for efficient differential sensing of metal ions and drinking water discovered by Li et

al.[20]

Dey et al. successfully employed self-assembled nanomaterials based on naphthalene
monoimide in an aqueous medium for the multimodal detection of picric acid, an organic
explosive compound. The research begins with the synthesis of self-assembled naphthalene
monoimide nanomaterials, followed by an in-depth exploration of their optical properties,
including absorption and fluorescence spectra, as well as their sensitivity and selectivity in
detecting picric acid.The results demonstrate that these self-assembled naphthalene monoimide
nanomaterials exhibit a high level of selectivity and sensitivity for picric acid. Utilizing
different detection modes, such as absorption spectroscopy, fluorescence spectroscopy, and
fluorescence microscopy imaging, these nanomaterials prove effective in detecting picric acid.
This multimodal detection approach holds promise for applications in explosive detection and

offers a potential, efficient, and sensitive solution for the detection of organic explosives.[63]
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Fig.1.7 Self-assembled nanomaterials of naphthalene monoimide in aqueous medium for

multimodal detection of picric acid developed by Dey et al.[63]
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Chapter 2 Development of a PDI-based fluorescent probe for sensitive detection
of nitric oxide
Abstract
Nitric oxide (NO) is considered a gas signal molecule because its important role in physiology
and pathology. Therefore, the development of high- sensitive and selective fluorescent probes
has become significant for NO detection. In the current study, a new type of NO sensing
fluorescent probe was synthesized and compared with other probes, showing lower detection
limit and excellent response time. The probe was studied in detail and used for cell imaging.
Importantly, the probe was embedded into thin film for sensitive detection of NO in air.

Key words: Nitric oxide; fluorescent probes; cell imaging

2.1 Introduction

Nowadays, nitric oxide (NO) is considered an important gas signal molecule in living organisms.
Basically, it is produced through the catalysis of nitric oxide synthase in cells, using L-arginine,
NADPH and oxygen.[64] It plays important physiological functions in several systems (such
as cardiovascular, immune and central nervous system, etc...).[64, 65] Different studies showed
that NO is mainly produced by intracellular mitochondria and participates in the breath
regulation and apoptosis by binding to the hemoglobin group of the cytochrome c oxidase and
regulating pH in mitochondria.[66-69] Moreover, NO is able to penetrate the mitochondrial
membrane and spread freely into lysosomes to regulate their functions, including
autophagy.[70-73] However, under non-physiological conditions, NO can be overexpressed,
leading to the outbreak of peroxy-nitrite (ONOO-), its downstream oxidation product.[74-79]
ONOO- can oxidize various biological macromolecules at mitochondria and lysosome level,
resulting in function loss, and contributing to the onset of a series of diseases, including cancer,
diabetes, high blood pressure, Alzheimer's disease, and lysozyme storage disease.[78, 80-94]
Low and moderate levels of nitric oxide may cause irritation for eyes, nose, throat and lungs,
and may cause coughing or shortness of breath, tiredness, and nausea.[67, 68, 75, 79, 95-105]

It may also cause fluid accumulation in the lungs 1 or 2 days after exposure to low temperatures.
17
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Breathing high levels of nitrogen oxides may cause short burn, dyspnea, laryngeal tissue and
upper respiratory tract congestion, tissue hypoxia, fluid accumulation in the lungs and death.
On this basis, it is clear how relevant the development of NO sensors can be.[71, 76, 106-111]

In the past decade, in order to track intracellular NO changes, different fluorescent probes have
been developed. Among these, NO fluorescent probes based on o-phenylenediamine reaction
groups were first developed, and then widely used in commercialization.[70, 112-119] The
mechanism of action of this kind of probe consists in the reaction between o-phenylenediamine
group and NO, under aerobic conditions to form a benzotriazole group, which inhibits the
photoinduced electron transfer quenching process (PET) of the probe molecule and leads to the
fluorescence "off-on" response. Despite these probes have been widely used in biological
systems, there are still some limitations, such as the interference by intracellular species as
dehydroascorbic acid (DHA)/ascorbic acid (AA) and the relatively long fluorescence response
time (usually more than 5 minutes).

Condensed polycyclic aromatic hydrocarbons (PAHs) are organic fluorochromes of primary
importance. They display excellent thermal stability, high quantum yields, and long
fluorescence lifetime. Pyrene, perylene, anthracene, coronene and benzo[ghi]perylene are
commonly used PAHs for probing application. The structures and properties of these probes

can be fine-tuned in a controlled manner through derivatization. Perylene diamides (PDIs) are

excellent choices to bring the structural diversity and fine-tuning of photophysical properties.

PDIs are extensively used as pigments, organic field effect transistors, solar cells, biosensors

and fluorescent labels, because they exhibit a large optical absorption in the Near InfraRed (NIR)
region. [99, 100] Moreover, they emit fluorescence with almost unity of quantum yield and
reflect significant charge transport properties. In this work, the probe N-PBI (Fig.1a),

hydroxylamine substituted at bay site, was designed and synthesized for sensing NO.

2.2 Experiment

2.2.1 Materials and Instrumentation

Unless otherwise noted, materials were obtained from Sigma (Shanghai, China) and used

without further purification. CaH was distilled from dichloromethane. Toluene was purified by
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refluxing sodium in nitrogen for several hours and then distilled to remove trace water. Nitric
acid was purchased by Beijing Chemical Plant (Beijing, China). Nitric oxide was provided by
sodium nitroprusside and ONOO™ was prepared according to the literature method.[102]
Deionized water was obtained by Milli-Q water purification system (Millipore, Shanghai,
China) with an electrical conductivity of 18.2 s/m. Using tetramethylsilane (TMS) as the
internal standard, "H and '*C NMR spectra were recorded on Bruker Avance III spectrometer at
500 MHz frequency. The mass spectrometry was recorded on the Brook Electron spray
Ionization Mass Spectrometer (ESI-MS). The UV-Vis absorption spectrum was collected by
CARY50 biological spectrophotometer (Varian Inc., CA, USA). The fluorescence spectrum
was measured on Fluoromax-4 fluorescence spectrophotometer (HoribaJobinYvon Inc., USA).
The spectrum was recorded at 25 °C with excitation and emission slits of 2 nm. The MTS-based
test data were collected using a 96-well plate (Sang on Biotech, China, Shanghai) on the
SynergyH1 enzyme labeling instrument (BioTek, USA). The CLSM image of the confocal

microscope was from Nikon ECLIPSETi (Japan).
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2.2.2 Synthesis of probe N-PBI
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Scheme 2.1 synthesis of N-PBI (i) KOH ,70 °C, water, 0.5 h. Aliquat336, KI, 1-bromodecane,

oL, o0 XL o« O
‘ N02 v M NH2 z T

reflux, 12h. (i) (NH4)2Ce(NOs)s, HNO3 in DCM 20 °C ,1 hour. (iii)TsSOH in toluene, reflux,
24h. (iv) 2-ethylhexylamine in propionic acid, refluxed, 6 h. (v) NH2-NH,,Pd/C in THF, reflux,
12h. (vi)HCI, NaNO; in THF, RT, 15min.

2.2.3 Synthesis of tetrakis(decyl) perylene-3,4,9,10-tetracarboxylate(2) [120]
Tetracarboxylic acid dianhydride (2.5 mmol, 1 equivalent) was dissolved in 30mL KOH (13.76
mmol 5.4 equivalents) aqueous solution and stirred at 70 °C for 0.5 h. The solution was filtered
and the pH was adjusted to a value between 8 and 9 with a 10% HCI solution. Then Aliquat336
(0.9 mmol, 0.4 equivalents) and KI (1.4 mmol, 0.6 equivalents) were added to the above mixing

system and stir vigorously for 10 minutes. 1-bromodecane (15.3 mmol, 6 equivalents) was
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added to the reaction mixture. The obtained solution was brought to reflux and was stirred for
12 hours until the red oil floats on top and the rest of the solution becomes clear. 10mL was
then poured into the mixture, filtered to remove the unreacted part, and the residue was washed
with chloroform. The organic phase was collected and washed twice with 15% sodium chloride
solution, dried with sodium sulfate and concentrated in vacuo to obtain a viscous concentrate
solution. The desired compound was precipitated by addition of methanol, filtered, dried under
vacuum and was used for the next step without further purification.

2.2.4 Synthesis of tetrakis(decyl) 1-nitroperylene-3,4,9,10-tetracarboxylate (3)
Sodium nitrite (0.7 mmol, 1 equivalent) was added to the dichloromethane (SmL) solution of
product 2 (0.7 mmol, 1 equivalent) at 0 °C. 69% HNO3 (3.42 mmol, 5 equivalents, 10% DCM)
was added to thestirred suspension. The mixture was stirred at 0 °C for 1 hour. The reaction
mixture was poured into water, extracted with DCM (4x25mL), and washed with Brine. The
organic phase was collected, dried with anhydrous Na,SO4 and concentrated in vacuo. The
crude product was purified by direct phase silica chromatography with DCM: petroleum ether
= 1: 1, and the yield was 91% as a blood red oil (658 mg, 0.64 mmol). 'H NMR (500 MHz,
Chloroform-d) 6 8.41 (dd, J = 10.8, 8.0 Hz, 2H), 8.01 (d, J= 7.9 Hz, 1H), 7.97 (d, /= 7.9 Hz,
1H), 4.32 (td, /= 7.1, 1.9 Hz, 8H), 1.81 — 1.76 (m, 8H), 1.45 — 1.41 (m, 8H), 1.35 (d, /= 8.4

Hz, 8H), 1.28 (d, J = 7.9 Hz, 41H), 0.88 (t, J = 6.8 Hz, 12H).
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Fig 2.1 '"H NMR of compound 3 in §-Chloroform.

2.2.5 Synthesis of S-nitroanthra[2,1,9-def:6,5,10-d'e'f'] diisochromene-1,3,8,10-
tetraone(4) [121]

Compound 3 (1 mmol,1 equivalent) was dissolved in 15mL of dry toluene and was stirred until
complete solubilization., Then, p-toluene sulfonic acid (4 mmol,4 equivalents) was added to
the reaction mixture and the solution was refluxed for 24 h. A large amount of precipitation
have been formed. The solution was cooled to room temperature, and the precipitate was filtered
and washed with water and chloroform. The product was dried in vacuum to obtain a dark red
solid with a yield of 89%(389 mg, 0.89 mmol). Proceed to the next reaction without
characterization.

2.2.6 Synthesis of 2,9-bis(2-ethylhexyl)-5-nitroanthra|2,1,9-def:6,5,10-
d'e'f'|diisoquinoline-1,3,8,10(2H,9H)-tetraone(5)

Product 4 (218 mg, 0.5 mmol) was uniformly dispersed in 10mL propionic acid, followed by
the addition of 2-ethylhexylamine (130 mg,1 mmol), and the reaction was refluxed for 6 h.

After the reaction time, the above system was poured into 200mL distilled water and stirred for
22
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0.5 h, then settled. The solution was filtered and the residue was washed 3 times with Brine.
The crude product was dried in a vacuum oven and purified by direct phase silica
chromatography with dichloromethane. The fractions containing the desired product were
collected and evaporated to obtain a red powder (264 mg, 0.4mmol) with a yield of 85%.'H
NMR (500 MHz, Chloroform-d) ¢ 8.81 (d, J = 8.0 Hz, 1H), 8.77 — 8.70 (m, 4H), 4.20 — 4.12
(m, 4H), 1.96 (t,J= 6.7 Hz, 2H), 1.40 (dd, J=12.7, 6.0 Hz, 9H), 1.35—-1.27 (m, 10H), 1.25 (s,

2H), 0.95 (t, J = 7.4 Hz, 6H), 0.90 (td, J = 7.0, 1.9 Hz, 7H).
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Fig 2.2 "H NMR of compound 5 in §-Chloroform.

2.2.7 Synthesis of N-PBI

Hydrazine hydrate (100mg, 2mmol) and 1%mol palladium carbon were added to the
tetrahydrofuran solution of compound 5 (216mg, 0.32mmol). The reaction was refluxed for 12
h. After the reaction stopped, the catalyst was filtered, the solvent was removed in vacuo, and
the crude product was separated by column chromatography with DCM: MeOH=30:1
(containing 0.5% triethylamine) as eluent. The yield was 86% as a purple solid(173 mg, 0.28

mmol). 'H NMR (500 MHz, DMSO-ds)  8.30 (s, 2H), 8.02 (dd, J = 72.7, 39.9 Hz, 5H), 4.01 —
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3.76 (m, 4H), 3.39 (s, 3H), 1.82 (s, 2H), 1.26 (s, 16H), 0.85 (s, 12H). *C NMR (126 MHz,
DMSO) § 163.72, 163.48, 142.34, 132.79, 132.05, 128.54, 128.21, 127.04, 126.31, 125.24,
122.91, 122.74, 122.61, 121.93, 121.57, 121.27, 120.95, 120.70, 119.01, 43.66, 37.57, 30.68,

28.61, 28.57,24.01, 22.98, 14.42, 10.93. MS m/z: Calcd 645.34; found 645.3 [M+H]".
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Fig 2.5 MS of N-PBI in THF.

2.2.8 Synthesis of N-PBI-1

ImL NaNO(0.3mmol 1.5 equivalent) solution was added to the tetrahydrofuran solution of N-
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PBI (0.2mmol 1 equivalent). After full stirring, hydrochloric acid was added and reacted at
room temperature for 15min. The reaction was poured into 150mL distilled water. After
filtration, the residue was washed with saturated sodium chloride solution 3 times and dried to
get orange powder with a yield of 97%.'"H NMR (400 MHz, Chloroform-d) & 8.69 (d, J =29.7
Hz, 6H), 4.16 (s, 4H), 1.97 (s, 2H), 1.37 (d, J = 32.4 Hz, 16H), 0.93 (d, J = 24.7 Hz, 12H). °C
NMR (126 MHz, Chloroform-d) & 163.35, 131.04, 122.75, 44.29, 37.94, 30.74, 29.71, 29.43,

28.68, 24.03, 23.10, 14.14, 10.61. MS m/z: Calcd 640.34; found 640.3 [M+H]".
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2.2.9 Synthesis of N-PBI thin film
10ml 184 silicone elastomer and 1ml 184 silicone elastomer curing agent were put into a 50ml
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centrifuge tube, 1mM of N-PBI THF solution 500 pL. was added and stirred fully with a glass
rod. Air in the system was discharged through the vacuum pump. The mixture was evenly
smeared on the slide and baked at 150 degrees overnight.

2.2.10 Optical studies

N-PBI mother liquor with 1.0mM concentration was prepared in THF and stored at 4 °C. The
5 pL mother solution was diluted to 1 mL with solvent (PBS / THF=1:2), and the final
concentration of 5 pM was obtained, which was used to determine the ultraviolet absorption
spectrum and fluorescence emission spectrum. In the experiment, the slit width measured by
fluorescence intensity was 2nm and the excitation wavelength was 490nm. All the spectra were
tested at room temperature, and the interference solutions used for selective experiments were
freshly prepared with secondary deionized water, in which the anions were sodium salts. Nitric
oxide was provided by sodium nitroprusside (SNP). The in vitro test method was to add SNP
(10 equivalent,100pn M) to 10 u M N-PBI solution. After mixing evenly, the solution was placed
in a self-made dark box and irradiated with white light. The solution was detected every two
minutes, and the change of ultraviolet fluorescence spectrum was recorded.

2.2.11Cell experiment

4T1 cells were cultured in 1640 medium supplemented with 1% penicillin, streptomycin and
L-glutamine and 10% fetal bovine serum. Cultured in 5%CO; constant 37°C incubator. The
results of cytotoxicity were obtained by MTS experiment. For fluorescence imaging, the cells
were cultured in a petri dish with 35mm glass at the bottom for 24 hours to grow on the wall.
The PBS solution of the probe (the final concentration was 10 uM) was added to the petri dish
and the cells were incubated at 37 °C for 2 hours.

2.3 Results and Discussion

Inspired by ours and other studies, amino-substituted molecules in the bay were designed to
detect nitric oxide. The rationale of this approach is based on the expected different optical

properties of the sensor (N-PBI) and its reaction product with NO (N-PBI-1)
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Scheme.2.2. Response mechanism of N-PBI to nitric oxide

The synthesis of N-PBI is shown in Scheme 2.1. First, the compound 1 as anhydride was
opened under alkaline conditions, and then decane was added to improve the solubility in
organic solvents. After that, compound 2 was nitrified by nitric acid and ceric ammonium nitrate
under mild conditions. This step allowed to get the mono-nitro derivative only with high yield.
compound 4 was obtained by removing alkyl chain with p-toluene sulfonic acid in toluene. In
propionic acid, compound 4 was reacted with 2-ethylhexane to get compound 5. Finally, the
amino group was obtained by traditional palladium carbon and reducing agent. Figs. 2.1-2.8
show the NMR/MS characterization of the products.

When compared with the parent PDI, the absorption spectrum of N-PBI showed a significant
red shift of 66 nm (Fig. 2.9b). This is because the amino group at the bay site acts as an electron
donor which formed a D-n-A structure with the acceptor at the imide site. When nitric oxide
reacts with N-PBI, the absorption spectrum of the resulting compound N-PBI-1 displayed an
absorption at 475 nm, which was almost the same observed for PDI (Fig. 2.9b). The spectra
reported in Fig. 2.9b highlight the presence of a common absorption at 510 nm for the three

species that is attributable to the main conjugate ring.

29



Synthesis and Application of Novel Fluorescent Molecules

]
a. b. e 2
N-PBI
i
e
Wavelsngth ()
4
C o, ®
’ > 4
J‘: ‘9 + ¥ 2 I “‘ .’)
4,0 4 & 2 s 2 9 9 9 &
‘3% P 290 5 2 o0& 2
S, 949 4 9 o 2
S8 Pa o ey iy 29 9o i wP
;> @ a ® 29 9o o 4 8B
o 29 3 O L ’ ’ 9 & @ o
N-PBI N-PBI-1

Fig. 2.9 (a) Chemical structures, (b) absorption spectra, (¢) optimized molecular models for the

compounds relevant in this work

In order to understand the spectroscopic features of N-PBI/N-PBI-1 pair, the UV-vis spectra
were acquired in solvents with different polarity. Fig. 2.10 indicates that in low polarity solvents,
such as chloroform, THF, and toluene, N-PBI behaves as monomeric species, with a broad
intense absorption around 550 nm, and a weaker shoulder around 510 nm, which likely reflects
the p-m conjugation of the aromatic system. In more polar solvents, such as methanol and
ethanol, a broad peak appeared in the 600-700 nm range, with a concomitant significant
reduction of the 550 nm absorption. This observation can be explained in terms of a molecular
aggregation of the lipophilic compound in polar solvents. We speculated that polar solvents
may promote the formation of an excimer. Fig. 2.10 also showed the effects of solvent polarity

on the N-PBI emission.
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Fig 2.10. UV-vis (a) and fluorescence emission (lexc 550 nm) spectra (b, c) of N-PBI in solvents

with lower (b) and higher (c) polarity.

Fluorescence spectra were obtained upon excitation at 550 nm. Table 2.1 reports the maximum
absorption wavelength (1), the maximum emission wavelength (A»), and the Stokes shift values
(DI) observed for N-PBI in the different examined solvents. The DI values ranged from 111 nm
(chloroform) and 146 nm (acetonitrile), indicating a direct correlation with solvent polarity. It
was worth noting that the Stokes displacement in THF (where N-PBI solubility was higher than
acetonitrile) also reached 141 nm, which could satisfy the separation of emission spectrum and

excitation spectrum, greatly reducing the possibility of self-absorption and self-quenching.

Table 2.1. Stokes shift of probe N-PBI in different solvents
THF MeCN  EtOAc  CHCl; Ether Toluene = DCM

Ai(nm) 551 545 547 549 548 556 548
A2(nm) 692 691 690 660 687 676 669
AN (nm) 141 146 143 111 139 120 121

For testing the effect of NO on the absorption spectra of N-PBI (10 mM solution), sodium
nitroprusside (SNP) was used as NO source. SNP is a highly unstable structure under light
conditions and decomposes when exposed to white light to produce NO. To test the optical
properties of N-PBI in aqueous systems, we examined the effect of adding PBS buffer to a THF
solution of N-PBI (Fig. 2.11 a, b, ¢). We placed the pre-configured solution in a dark box,
irradiated it with white light, and collected the absorption spectra of N-PBI before and after ten

minutes of light exposure to determine the optimal solvent ratio for N-PBI. At THF: PBS=1:1,
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the absorption spectra of N-PBI changed very little. After increasing the ratio of THF (2:1-3:1),
the spectra changed significantly. Considering the toxicity of THF, we decided to use 2:1 as the

solvent ratio.
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Fig 2.11. UV-vis spectra of N-PBI in different THF/PBS ratios. THF: PBS is (a)1:1. (b)2:1. (¢)

3:1. and its response to (d)10uM, (e) 20uM, (f) S0uM SNP.

The spectra indicated that the presence of 10, 20 and 50 uM of SNP caused a progressive
decrease of the absorption peak of N-PBI at 550 nm (Fig. 2.11 d, e, f), which disappeared in
presence of 100 uM of SNP after an illumination of 10 mins (Fig. 2.12a), time in which the

absorption of N-PBI at 475 nm reached the maximum.
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Fig 2.12 (a) UV—vis absorption spectra of N-PBI 10 mM in presence of 100 mM of SNP in
THEF:PBS ratio 2:1 as a function of the irradiation time; (b) corresponding fluorescence spectra

under excitation at 475 nm

Most likely, the peak at 475nm can be attributed to the product of the reaction between N-PBI
and NO (i.e., N-PBI-1) during illumination. After the reaction with NO, amino and NO was
dehydrated away from the aromatic nucleus, and a new N=N bond was formed at the bay
position. The same result is expected to be found acquiring the fluorescence spectrum. We
selected the absorption wavelength at 475 nm as the excitation wavelength for N-PBI-1, and
measured the fluorescence intensity in the 500-650 nm range (Fig. 2.12b). Upon exposure to
NO, N-PBI generated a new emission peak at 525 nm and reached the maximum emission
intensity after 10 min of irradiation, and the spectra did not show any significant change by
continuing to extend the light exposure time.

Hence, the 475/556 nm ratio of the absorption wavelengths as a function of illumination time

(proportional to NO production) showed a linear behavior, as reported in Fig. 2.13.

4 8 8 10 12 14 16
Time(min)

Fig 2.13. The fitting curve of the ratio of the absorption intensity of N-PBI at 475 nm and 556

nm and the illumination time
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The results showed that the fluorescence intensity (at 525 nm) linearly correlated with the
illumination time in the 0-10 min interval (Fig. 2.14). The fluorescence intensity increased 240
times within 10 minutes, and the detection limit of NO was calculated to be 13 nM. The
detection limit is calculated by formula 30/K. The “c” is the standard deviation of the
fluorescence intensity of 10 p M N-PBI at 525 nm, and “K” is the slope of the linear equation
of fluorescence intensity varying with illumination time. (Fig.2.14) Thus, it can be inferred that

N-PBI can quickly and sensitively detects NO.
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Fig 2.14. Linear relationship between fluorescence emission intensity and light time at 525 nm

after N-PBI and NO

In order to better understand the real cause for the blue shift of the 550 nm absorption peak of
N-PBI-1, density functional theory (DFT) calculations (B3LYP/6-31g(d) set) were performed
to optimize the molecular models of N-PBI and N-PBI-1. Calculations revealed that the electron
density of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) was distributed around the conjugate rings (Fig. 2.15). It was seen
that the introduction of the amino group greatly increased HOMO energy level, thus making
the molecule excitable at lower energy. After the reaction with NO, the HOMO energy of N-

PBI-1 decreased to -6.58 eV, while the LUMO energy decreased much less. Therefore, a larger
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energy gap between LUMO and HOMO was generated in N-PBI-1. The increase in the stability
showed by N-PBI-1 justify the blue shift of the absorption. After the reaction with NO, the
sample was illuminated with ultraviolet light in a dark chamber, and a bright yellow

fluorescence was observed.
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Fig 2.15. Calculated HOMOs and LUMOs of the molecular fluorophores at the B3LYP/6-31g(d)
level. The HOMO and LUMO energy levels are also presented in the Fig.s. Note that the LUMO

levels are obtained by subtracting the optical gap from the HOMO levels.

In order to further determine whether N-PBI can be used to detect NO in cells, the probe
selectivity was tested, and the effect of reactive oxygen species and reactive nitrogen on N-PBI
was investigated experimentally. The results are shown in Fig. 2.16, whereas it can be clearly
seen that N-PBI displayed an excellent selectivity towards NO, and even peroxy-nitrite, which

is also a Reactive Nitrogen Species (RNS), is almost undetectable by the probe.
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Fig 2.16. Selective fluorescence(a) and UV(b) spectra and histogram(c) of N-PBI

This fully confirms that N-PBI could have the ability to detect NO even in the complex
environment of cells and can be applied to cell imaging. As many sensors display a pH
dependence of their fluorescence emission, also pH stability of N-PBI was tested. As shown in
Fig. 2.17, fluorescence is almost pH-independent in the range 3-7, whereas a decrease in the
emission is observed in alkaline conditions, though without any wavelength shift. Therefore,
N-PBI has the necessary pH stability to act as NO sensor even in weak acid environment, as

the cellular one.
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Fig 2.17. Fluorescence Spectra of N-PBI in different pH

Before testing N-PBI to detect intracellular NO, it was deemed relevant to check the
cytotoxicity of the probe. Fig. 2.18 indicates that N-PBI, alone or after the reaction with NO,
did not show any cellular toxicity, at least at the highest concentration tested, i.e. 12.5 uM. This

observation confirms the potential of N-PBI for NO imaging in cells.
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We evaluated such a potential, incubating murine 4T1 breast cancer cells with N-PBI (5 uM) at

37°C for 2 h.
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Fig 2.18. The MTS experimental of N-PBI(a) and N-PBI-1(b) was shown their cytotoxicity to

cells.

In absence of NO, 4T1 cells showed a bright red fluorescence, with some regions characterized
by a very weak green fluorescence (Fig. 2.19b, ¢). After the probe incubation and successive
washing, 4T1 cells were co-incubated with SNP for 10 minutes, and the green emission
increased significantly, while the intensity of the red channel almost disappeared (Fig. 2.19e,
f). This is an indication that N-PBI can be successfully used to detect cell-internalized NO. In
another experiment, cells were incubated first with the proinflammatory LPS, and then with N-
PBI, obtaining a similar result of the previous experiment (green fluorescence and absence of
red emission) (Fig. 2.19h, i). Finally, when the LPS-stimulated cells were treated with the NO
inhibitor L-NAME and co-incubated with N-PBI, the strong green fluorescence was not
observed, while the typical red emission of 4T1 cells incubated with N-PBI only was detected

(Fig. 2.19k, I).
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Fig 2.19. N-PBI and 4T1 cells were co-incubated for 2 h. Imaging of bright field (a), green
channel (b), red channel (c¢); Imaging of cells after probe and SNP processing (d-f); Imaging of
probe co-incubation with LPS stimulated cells for 48h (g-i1); Fluorescence imaging (j-1) co-

incubated with probe after adding NO inhibitor L-NAME.

The same results were observed in mouse macrophages (RAW 264.7 cell line) (Fig. 2.20). At
the same time, N-PBI was uniformly distributed inside the cell, indicating that the probe has
good membrane penetration. These findings highlight the great potential of N-BPI for NO

cellular imaging.
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Fig 2.20. N-PBI and macrophages cells were co-incubated for 2h. Imaging of bright field (a),
green channel (b), red channel (c); Imaging of cells after probe and SNP processing (d-f);
Imaging of probe co-incubation with LPS stimulated cells for 48h (g-1); Fluorescence imaging

(j-1) co-incubated with the probe after adding NO inhibitor L-NAME.
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The detection of NO Is also very important in the external environment. Due to the observation
that the reaction with NO causes a significant and eye-detectable color change, we fabricated
N-PBI-based thin tablets to detect nitric oxide in air. Fig. 2.21 demonstrates the strong ability
of N-PBI thin slices to detect NO in air. When the slices were exposed to 5 % of NO, the color
quickly changed from purple to red-brownish in less than 1 min. This experiment shows that

N-PBI could also find applications as NO sensors in environmental safety.

Fig 2.21. N-PBI-based film sensitive to NO in air before (left) and after (right) exposure to 5 %

NO.

2.4 Conclusion

In summary, we designed and synthesized an amino-modified PDI probe N-PBI for sensing NO
in different environments (e.g. in cells and air). The probe had very good NO selectivity, large
Stokes shift, good near-infrared emission, and excellent quantification potential. Furthermore,
the probe displayed excellent sensitivity with a detection limit as low as 13 nM. The probe
enabled the NO detection in cells as well as in air after its deposition in thin film. Summing up,
all these observations confirm that N-PBI has an excellent ability to image NO, which could be

of great significance for the detection of diseases caused by endogenous NO imbalance.
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Chapter 3 A boron-nitrogen heterocyclic AIE probe for sensitive detection of
picric acid

Abstract
This article describes the design and synthesis of a B-N bond-based sensor (BNOH) to detect
picric acid (PA), which is easy to synthesize with a high yield. It exhibits aggregation-induced
emission (AIE) effect, and its solid bright fluorescence makes it suitable for use as a sensor. As
PA sensor, BNOH performs excellently with good selectivity and sensitivity (detection limits
as low as 2.9 ppb). The PA response mechanism of BNOH to PA was explored through
computational simulation methods. Interestingly, trace amounts of solid PA can be detected by
wiping the BNOH paper sensor, achieving convenient and quick PA detection.
Key words: aggregation-induced emission, detect picric acid, fluorescence sensor, paper sensor,
quick detection
3.1 Introduction
Picric acid(PA) is an organic compound widely present in military, explosives, dyes, pesticides,
leather, pharmaceuticals and chemical industries. Its existence poses serious harm to humans
and the environment. [122-126] picric acid is an organic strong acid with a chemical name of
2,4,6-trinitrophenol (PA). It has high destructive power and can cause huge damage to human
beings and the environment. The health hazards of picric acid mainly manifest as irritation to
the skin and eyes. It can also cause damage to internal organs such as the immune system, liver
and spleen. In extreme cases it may even lead to respiratory distress or other serious
consequences. Due to its strong water solubility, once entering water bodies it can contaminate
groundwater and soil causing severe damage to farmland and natural environments.[127]
Moreover, Picric acid may be abused by terrorists posing a potential threat of terrorist attacks
which brings security risks for society. The destructive power of picric acid is even stronger
than TNT; slight friction on PA powder could trigger explosions.
To detect the presence of picric acid timely and accurately various detection methods have
emerged in modern markets such as Surface-Enhanced Raman Spectroscopy (SERS)[128, 129],
X-ray Diffraction (XRD)[130], Gas Chromatography-Mass Spectrometry (GC-MS)[131-133],

Nuclear Quadrupole Resonance (NQR)[134-138], Ion Mobility Spectrometry (IMS)[139-143],
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Cyclic Voltammetry etc., but these methods all have certain limitations. SERS is a spectroscopic
technique based on surface-enhanced effect that provides high sensitivity detection. However,
the adsorption behavior of PA might be affected by substrate materials or environmental
conditions leading to signal changes or instability. In addition, the low concentration detection
of PA might be influenced by background interference reducing accuracy. XRD is used for
determining material structure & composition, but crystal structures are difficultly obtained
during PA detection. GC-MS, is commonly used for analysis and identification of organic
compounds. However, due to high sample pre-treatment requirements in PA detection, complex
extraction and purification steps may be needed which is time-consuming and laborious. In
electrochemical analysis, PA might adsorb unstably on electrode surface leading to signal
changes resulting in unreliable detection results.

Fluorescence detection technology has unique advantages in detecting explosives.[144-147]
Using fluorescent substances such as emitting conjugated dendrimers|[148], poly silanes[149],
carbon quantum dots[150-154], metal nanoclusters[155-159], metal gels[160, 161], Metal-
Organic Frameworks(MOF)[162-166],organic conjugated polymers[167], organic small
molecules[168, 169], and nano-composite materials as probes, the high sensitivity detection of
PA can be achieved by detecting their interactions with picric acid. Compared with traditional
detection methods, the fluorescence method has many advantages. Firstly, it has high sensitivity
that can detect the presence of picric acid at extremely low concentrations. Secondly, the
response speed is fast, resulting in accurate and reliable results. Furthermore, the fluorescence
method is non-destructive & pollution-free without causing additional harm or contamination
to the object being tested. Therefore, the fluorescence method has broad application prospects
in the field of picric acid detection providing a feasible modern strategy for protecting human
health and environmental safety.

Aggregation-induced emission (AIE) is an emerging fluorescent phenomenon first proposed by
Professor Benzhong Tang’s team in 2001.[170]AIE refers to weak or quenched fluorescence
emission under monomer state but strong fluorescence emission characteristics under
aggregation state. Compared with traditional fluorescent probes, AIE has a series of obvious
advantages. AIE molecules exhibit strong fluorescence emission under aggregation state with
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excellent sensitivity enabling rapid detection at low concentration targets.[171-174] Due to its
aggregate-emission feature, AIE easily overcomes the problem where traditional fluorescent
probes are quenched due to agglomeration when placed into water. It does not require complex
synthesis methods for improving molecular water solubility, enabling sensitive detection of the
target in water. AIE molecules also have excellent photostability, able to withstand long-term
light exposure without fluorescence attenuation, maintaining persistent signal output. Therefore,
AIE technology has been widely favored in multiple fields. In biomedical field, AIE molecules
can be used for cell imaging, tumor diagnosis and drug delivery etc., realizing real-time
monitoring of biological processes through specific interactions with biological tissues. In
environmental detection field, AIE molecules can be used for water quality monitoring,
pollutant detection and food safety etc., Possessing advantages such as rapid response, high
sensitivity and selectivity. Therefore, developing a new type of AIE probe for PA detection has
significant significance and broad prospects.

Here, we have designed and reported a novel B-N bond-based AIE probe, BNOH, for a rapid,
sensitive, and accurate detection of PA. BNOH is synthesized easily in one step with excellent
purity and yield. The properties of BNOH were studied in detail by spectroscopy to explore the
interaction between BNOH and PA. In addition, we optimized the molecular model using
density functional theory (DFT) to explain the possibility of fluorescence quenching during the
detection process. Finally, we prepared paper sensors using BNOH solution for portable
detection. The paper sensor has excellent detection efficiency and limit with simple usage, just

contact with powder under UV light, to observe results.

3.2 Experiment

3.2.1 Materials and methods

Unless otherwise noted, materials (including a 10ug/L PA solution in acetonitrile) were
purchased from Sigma and used without further purification. For a series of organic molecules,
potentially interfering with PA detection, such as benzoic acid, p-nitrophenol, nitrobenzene, and
phenol, 10 mL of 1 M stock solutions in THF were prepared. Dichloromethane was distilled

from CaH. Toluene was purified by refluxing sodium in nitrogen for several hours and then
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distilled to remove trace of water. Deionized water was obtained by Milli-Q purification system
(Millipore) with electrical conductivity of 18.2 s/m. Using tetramethylsilane (TMS) as the
internal standard, 1H and 13C NMR spectra were recorded on a 14T Bruker Avance III
spectrometer. Mass spectra were recorded on the Brook Electron spray lonization Mass
Spectrometer (ESI-MS). The UV-Vis absorption spectra were obtained on CARY 50 biological
spectrophotometer (Varian Inc., CA., USA). Fluorescence spectra were obtained on a
Fluoromax-4 spectrofluorimeter (Horiba Jobin Yvon Inc., USA).

3.2.2 Synthesis of BNOH

Naphthalene-1,8-diamine (158 mg, 1 mmol) and (4-hydroxyphenyl)boronic acid (150 mg, 1.08
mmol) were dissolved in anhydrous toluene and refluxed for 10 hours under argon protection.
The product was obtained by removing the solvent through rotary evaporator. Purification was
achieved by extraction with deionized water and ethyl acetate (25 mL, four times), separating
the organic phase, drying it with sodium sulphate, filtering it, and then subjecting the filtrate to
pressure distillation. The product was purified by silica gel column chromatography using
Dichloromethane as eluent. The resulting product (white solid, 220 mg) was obtained with a
yield of 84.6 %. 1H NMR (600 MHz, MeOD) ¢ 7.70 (d, J = 7.9 Hz, 2H), 7.50 (s, 2H), 7.07 (t,
J=7.8 Hz, 2H), 6.92 (d, J = 8.1 Hz, 2H), 6.85 (d, J = 7.8 Hz, 2H), 6.52 (d, J = 7.3 Hz, 2H).13C
NMR (151 MHz, MeOD) & 159.00, 142.60, 136.59, 133.60, 127.23, 119.90, 116.25, 114.59,
104.74. MS (ESI) m/z for CI6HI2BN2O calculated 260.11 [M+H'] found: 261.21. These

observations fully agree with literature data. [175]
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Fig. 3.3 Mass Spectrum of BNOH

3.2.3 Formation of BNOH aggregates

2.6 mg of solid BNOH were dissolved in 1 mL of methanol to obtain a 10 mM BNOH solution,
which was stored in the dark at 4°C. At room temperature, 100 pL of the BNOH methanol
solution were dropwise added into 48 mL of 1 mM PBS buffer (pH=6.8) and 1.9mL MeOH
(96% PBS/MeOH), stirred overnight to obtain a homogeneous solution containing the
aggregated BNOH with a concentration of 20 uM. Unless otherwise specified, this solution was
used for characterizing the UV-VIS, fluorescence properties and the PA detection of BNOH.
The response experiment with PA was conducted using the above described solution of
aggregated BNOH. The excitation wavelength for BNOH was set to 330 nm (3 nm of slit width).
3.2.4 Spectrofluorimetry of BNOH

The fluorescence properties of BNOH were tested by 20 uM solution in different solvents:
Dimethylformamide, Acetonitrile, Methanol, Tetrahydrofuran, Chloroform and n-Hexane.
3.2.5 Testing BNOH-PA interaction

Job's plot was used to characterize the interaction between PA and the BNOH sensor. In this
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experiment, a series of solutions obtained by mixing different volumes of the aggregated BNOH
solution and PA to a fixed volume of 1 mL were prepared. The fluorescence spectra of the
resulting solutions were acquired at room temperature.

Fjob = (1-x) Fo-F

x is the molar fraction of PA, FO and F are the fluorescence intensity of solution in the absence
and presence of PA. The total molar concentration of the two components should be kept at a
fixed value while the molar fraction of any component is variable. In this experiment, the total
concentration of BNOH and PA was 4 x 107> M, and the molar fraction of PA in the mixture
was 0, 0.1,0.2,0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0.

3.2.6 Limit of detection (LOD) experiments

The PA detection limit (30/k) of the BNOH sensor was calculated by analyzing the fluorescence
of BNOH at different concentrations of PA. In the detection limit equation, ¢ is the standard
deviation, and k is the slope of the linear curve. The standard deviation (o) was obtained from
the bank test of the aggregated BNOH solution in the absence of PA. The slope (k) was obtained
by plotting the concentration of PA versus the fluorescence intensity.

3.2.7 Computational methods

DFT calculations (ORCA 5.0.31) [59] were used to optimize the structure of the adduct formed
between PA and BNOH in the non-aggregated monomeric form. Geometry optimization and
frequency calculation were performed at the B3LYP-D3BJ/6-31G(D) theoretical level. To
calculate interactions and eliminate the influence of Basis Set Superposition Error (BSSE), gCP
correction was used in the calculation[176]. Molecular orbitals and electrostatic potential maps
were obtained at the B3LYP-D3BJ/def2-TZPP level. BNOH and PA monomer molecules are
optimized on gaussian09, and the results of molecular orbitals and electrostatic potential
diagrams were obtained at B3LYP /6-31G(D) level.

3.2.8 Fabrication of a paper-based prototype of BNOH as PA sensor

A solution of 100 uM of BNOH in methanol was prepared. Filter paper was cut into appropriate
sizes and immersed in the solution for 2 hours. The paper was then taken out, laid flat on a glass

plate, and air-dried in a fume hood before use.
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3.3. Results and Discussion

The synthetic route followed for obtaining BNOH is reported in Scheme 3.1. The compound
was easily obtained by refluxing 2-aminonaphthalene with hydroxyphenylboronic acid in
toluene. The Compound BNOH was characterized by 1H NMR, 13C NMR and Mass in (Fig.
3.1-3.3). Although the structure of BNOH has been already reported in literature,[175, 177,
178]these reports only improved the synthesis method of BNOH but did not effectively apply
it to detect explosive PA systems. In the structure of BNOH there are two electron-rich
functional groups, the B-N bond region and hydroxyl group, which may effectively interact
with PA. Both chemical entities are likely to produce photoinduced electron transfer effects
during light excitation resulting in different emission characteristics. Therefore, we determined
the photo physical properties of BNOH and its capability to act as PA sensor using UV and

fluorescence spectroscopies as well as DFT calculations.

OH

OH
NHz NH Tolune
* T "
reflux HN™" "NH

HO" B“DH ““

Scheme 3.1. Synthesis route of BNOH

Firstly, we tested the basic spectral properties of BNOH. In MeOH, BNOH exhibited a broad
UV absorption at 330 nm (Fig. 3.4A). The fluorescence emission showed two peaks at 381 nm
and 425 nm (Fig. 3.4B), which originate from the vibration of phenol and naphthylamine
moieties, respectively. This emissive pattern is confirmed in the spectra acquired in different

solvents (Fig. 3.4C), with a slight red shift with the increase of solvent polarity.
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Fig. 3.4. (A) UV-Vis (solid line) and fluorescence (dashed line) spectra of BNOH in THF. (B)

Emission spectra of BNOH in different solvents.

Table 3.1 reports the Stokes shift values of BNOH in different solvents. Although DMF is also
a highly polar solvent, BNOH dissolves well in it, so its emission intensity is stronger than that

in other solvents.

Table 3.1. Stokes shift of BNOH in different solvents

Solvent Aex(max) Aem(max) Stokes shift
DMF 332nm 403nm 71nm
MeCN 331nm 400nm 69nm
MeOH 330nm 425nm 95nm
THF 330nm 399nm 69nm
CHCl; 330nm 395nm 65nm
Hexane 330nm 395nm 65nm

We also tested the fluorescence emission intensity (at 425 nm) of BNOH in methanol solution
at different concentrations (Fig. 3.5). Within 100 uM concentration range, the fluorescence
intensity progressively increased with concentration; however, when the concentration reached
500 uM, fluorescence started to be quenched and at 1 mM the system was not fluorescent
anymore. From this observation, to ensure sensitivity, a BNOH concentration of 20 uM for

selected for the successive experiments..
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Fig. 3.5 (A) emission spectrum of S1 (A) BNOH at different concentrations (B) fluorescence

curve of BNOH at 425nm with concentration

Next, we investigated the photoluminescence properties of BNOH in water (Fig. 3.6a). By

varying the water/methanol ratio, we found that as the water content increased, the emission

spectrum of BNOH gradually changed the pattern and evolved to a single emission peak

(centered at 400 nm) in the solution with the maximum water fraction (96 %), indicating

aggregation of BNOH in water. The plot reporting the emission intensity at 425 nm (Fig. 3.6b),

showed that when the proportion of water reached 70%, the emission intensity of BNOH

switched from quenching to AIE effect.
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Fig. 3.6. (A) Emission spectra of BNOH in mixed solutions of water/methanol at different
ratios. (B) Fluorescence intensity change curve of BNOH at 425 nm. (C) Optical color change
of BNOH in different water/methanol percentage mixed solutions. (D) The luminescence of

BNOH solid powder under ultraviolet lamp.

This suggests that at a ratio of 70%, BNOH started to aggregate. The UV spectra of BNOH are
also displayed in Figure 3.7. from a ratio of 70% onwards, the fluorescence keeps increasing
due to the gradual insolubility of BNOH in the mixed MeOH/water solution, which is exhibiting
a typical AIE phenomenon due to the formation of aggregates, as confirmed by the dynamic

light scattering (DLS) results. (Fig. 3.8)
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Fig. 3.8 Size of BNOH in mixed solutions of water/methanol at 96%.

The BN bond will behave like a carbon-carbon double bond in the structure, [179, 180] as the
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aggregation proceeds, the vibration of the naphthalene ring connected by the B-N bond is
suppressed, and the rotation of the benzene ring connected to the boron atom is also suppressed,
and this part of the energy is used for light emission, resulting in AIE. Such behavior provides
the rationale for using BNOH as fluorescent sensor in aqueous environments.

According to this hypothesis, we evaluated the ability of BNOH to detect picric acid. By adding
different concentrations of PA (0-100 pg/mL range) to a solution containing 20 uM BNOH (Fig.
3.9A), we found that as the concentration of PA increased, the fluorescence of BNOH was
quenched and the final fluorescence intensity differed by a factor of 526 compared to the
starting solution with no PA added. The quenching efficiency [(Io-I)/Io] at 100 pg/mL was
98.1%. The quenching was linear with the PA concentration only in the 0-10 pug/mL range (Fig.
3.9B), where the probe was very sensitive to the analyte (R-Square 0.98), resulting in a limit-
of-detection (LOD) as low as 2.9 ppb. Fig. 3.9A indicates that upon increasing the PA
concentration, the fluorescence experienced a red shift, which can be attributed to a
photoinduced electron transfer (PET) between PA and BNOH. To delve deeper into the

quenching dynamics, we computed the Stern—Volmer constant, revealing a value of 5.88x10%M-
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Fig. 3.9. (A) Fluorescence spectra of BNOH solution with different concentrations of PA. (B)
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Changes in fluorescence intensity of BNOH at 425nm, (C) the linear relationship between
fluorescence intensity at 425nm and PA concentration, (D) The optical color of BNOH solution
changes after adding different concentrations of PA

To probe deeper into the sensitivity of PA detection using BNOH, Stern-Volmer plots were
generated. As depicted in Fig. 3.10, at higher PA concentrations, the curve exhibited an upward
bend, suggesting an over-amplified burst effect.[181] In contrast, at lower PA concentrations
(0-20pg/mL), the Stern-Volmer plot displayed linearity. The Stern—Volmer equation takes the
form:

I/Ip =1+ Ksv[Q]

Here, o represents the initial fluorescence intensity, while I signify the final intensity

subsequent to the introduction of the analyte, and [Q] denotes the concentration of the analyte.
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Fig. 3.10. Stern—Volmer plot in response to PA (inset: Stern—Volmer plot obtained at lower

concentration of PA).

To understand the binding mode and assess the stoichiometry of the interaction between BNOH
and PA, we measured the fluorescence intensity at 425 nm of 1 mL solutions containing a
different molar fraction of PA (xPA) and BNOH (Job plot, Fig. 3.11). The result obtained is a
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clear indication that the maximum change in intensity occurs when xPA is 0.46, indicating that
a 1:1 complex is formed between the two interacting partners. However, even when more PA

(1 to 2 equivalents) is added, the quenching is still observed.

100

80 ~
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F job
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Fig. 3.11. Job plots of BNOH with PA in PBS

Mass spectrometric analysis revealed distinctive changes when PA was introduced in varying
quantities. Upon adding 0.2 equivalents of PA, a notable reduction in the molecular peak of
BNOH at 260 was observed, accompanied by the emergence of a unique new peak at 429.
Subsequent gradual addition of PA up to 0.6 equivalents resulted in the formation of a complex
peak at 484. Further addition of PA to reach 1 equivalent led to the complete disappearance of

peak 429, leaving behind only the newly emerged peak at 485.(Fig. 3.12).
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We attempted to explain this phenomenon by optimizing the molecular model using density
functional theory (DFT). The molecular structures of BNOH and PA were optimized using DFT
(B3LYP/6-31G(D)) method, while the molecular structure of the BNOH/PA adduct was
calculated using B3LYP-D3BJ/6-31G(D) method to ensure the comprehension of the
quenching process. The results showed that PA and BNOH formed a planar arrangement (Fig.
3.13), which facilitates the recognition of PA by BNOH. During this process, BNOH forms 7-
n stacking with PA, and the NH hydrogens connected with boron can reinforce the interaction

through hydrogen bonds with PA.
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Fig.3.13 molecular structure optimization through computational simulation, from left to right
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in turn, BNOH,PA, the complex of the two.

Molecular orbital energy level calculation (Fig. 3.14) also showed different electronic
arrangements. In the single molecules, the orbital distribution of BNOH was clear, with HOMO
located in naphthalene part and LUMO almost distributed throughout the molecule, with an
energy difference of 4.08 eV. The orbital distribution of PA was simpler, with an energy
difference around 4 eV. It is worth noting that the HOMO energy of PA is much lower than that
of BNOH, so it is relatively more stable than BNOH. The LUMO energy of PA is between
HOMO and LUMO energies of BNOH, only differing from HOMO by 0.69 eV; such low gap
can easily promote the transfer of their joint excitation energy onto PA, thus resulting in
fluorescence quenching feedback phenomenon.

The results obtained from the joint-optimization of both molecules are close to our guesswork:
HOMOs orbitals still arrange at naphthylamine moiety in composite molecule without
significant change compared to individual ones; however its total potential energy is reduced
due to the influence of PA, which is -5.4 eV. The introduction of the PA molecule in the
composite system has a significant impact on the LUMO orbital distribution of the BNOH
monomer molecule, which is now predominantly distributed on the PA molecule. Additionally,
the LUMO energy values of the complex molecules closely resemble that one of PA, with
values of -3.68 eV and -3.93 eV, respectively. This represents a remarkable change compared
to the BNOH monomer. Furthermore, the energy difference (AAE) between the excited state and
the ground state in the complex is significantly reduced from 4.08 eV to 1.72 eV. This reduction
indicates that, upon excitation, BNOH absorbs energy and the electrons that would typically
transition to the S1 orbital of BNOH now transition to the S1 orbital of PA. Subsequently, these
electrons return to the ground state, resulting in a photoinduced electron transfer process. As a

consequence of this transfer, the fluorescence of BNOH is effectively quenched.
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Fig. 3.14. Molecular orbital energy level distribution of BNOH, PA and their complex.

The molecular electrostatic potential map (ESP) of BNOH and PA, as well as their complex,
were calculated (Fig. 3.15). Red and blue represent the negative and positive potentials,
respectively. The ESP maps obtained for BNOH and PA suggest that the drive-force of the
formation of the adduct is the occurrence of non-covalent bonds with interaction energy

calculated at -5.14 kcal/mol, supported by low-energy interactions.

58



Chapter 3 A boron-nitrogen heterocyclic AIE probe for sensitive detection of picric acid

P N

Fig. 3.15 The DFT computed molecular electrostatic potential map of BNOH, PA, and complex.

We believe that one the key factors in the formation of the adduct is the nitro functional group
of PA, because the electron-deficient feature of this group can favor PET effects. To confirm
the role of the nitro group, the fluorescence intensity of BNOH was measured in presence of
different aromatic compounds (Figs. 3.16,3.17). We found that the presence of a single nitro
group (NB), as well as a single carboxylic group (BA), or a single hydroxyl group (PH) did not
quench the fluorescence. Quenching was effective in presence of both one nitro and one
hydroxyl groups (NP), though the quenching effect was much lower than PA, suggesting the
role of the number of the two substituents. This observation is relevant to highlight the excellent

selectivity of BNOH to act as PA sensor.
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Fig. 3.16. BNOH with fluorescence emission spectra of different aromatic compounds. Benzoic

acid(BA), Phenol(PH), Nitrobenzene(NB), p-Nitrophenol(NP), Picric acid(PA).
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Fig. 3.17. Comparison of fluorescence emission intensity between BNOH and different

aromatic compounds at 425nm.

We also conducted some stability tests on BNOH. First, we assessed the stability of BNOH in
water solution at different pH values (Figs. 3.18,3.19). Due to the presence of phenolic group,
whose pKa value is usually between 10-12, BNOH is deprotonated in an alkaline environment

and its electron conjugation structure is destroyed, resulting in fluorescence disappearance.
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Fig. 3.18. Fluorescence Emission Curves of BNOH in different pH
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Fig. 3.19. Variation of fluorescence emission intensity of BNOH with pH at 425nm

Subsequently, we tested the photostability of BNOH (Fig. 3.20). Under continuous UV
irradiation at 330 nm for 2 hours, there was almost no change in UV absorption intensity, while
a slight decrease was observed in the fluorescent emission intensity at 425 nm, which

demonstrated an excellent photostability.
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Fig. 3.20. Changes of UV (red) absorption intensity and fluorescence (blue) emission intensity

of BNOH after continuous UV irradiation
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On this basis, BNOH appears to be a promising system to act as PA sensor. Currently, the
detection of PA and, in general, explosives requires complex, costly, and time-consuming
operations. Explosives can pose significant hazards when they come into contact with human
skin or certain materials; even slight friction can cause explosions that may also contaminate
water sources. Therefore, the development of rapid and convenient detection methods has a
great significance.

To move a bit forward in this direction, we have developed a paper-based PA sensor based on
BNOH by immersing paper strips for 2 hours into a methanol solution containing 100 uM of
BNOH, followed by drying the strips in a cool place. Then, we dipped the paper strip into
acetonitrile solution containing PA or touched the strips with powdered PA to observe changes
in the paper under UV light conditions (Fig. 3.21C). The fluorescence spectrum of BNOH-
coated paper strips for detecting PA under 330nm excitation was observed. Fig. 3.21A
illustrates that with escalating PA concentrations, the fluorescence emission of the paper sensor
diminishes consistently, exhibiting a linear correlation within the 10-50 pg/mL range of PA
concentrations (Fig. 3.21B). where the part of the paper that was in contact with PA reduced
the fluorescence significantly, forming a clear contrast with the unreacted part. Since explosives
often leave traces on clothing and bags, we also tested the performance of the strip-based sensor
on trace amounts of solid PA. (Fig. 3.21D) We dropped different concentrations of PA solution
onto a glass plate and dried it in a fume hood before wiping it with the paper-based sensor and
observing under UV light. A quenched spot was clearly observed in the area of the strip that

reacted with PA, highlighting the potential of this approach in detecting traces of solid PA.
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Fig. 3.21. (A) Emission of BNOH paper stripes to detect PA in different concentrations.
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BNOH paper sensor. (C)Photo of BNOH paper stripes to detect PA in different concentrations

solution of PA under UV irradiation. (D) and solid PA under sunlight(left) or UV

irradiation(right).

3.4. Conclusion

In summary, we have synthesized and tested a fluorescent probe (BNOH) containing B-N bond
and hydroxyl group for sensing the explosive picric acid. In aqueous environments, the probe
produces a bright fluorescence caused by the AIE effect. The interaction between the BNOH
aggregates and PA significantly quenches the emission with a high selectivity and sensitivity.
The quenching results from the formation of a 1:1 adduct between BNOH and PA, stabilized
by =m-m stacking and generates photoinduced charge transfer upon light excitation, as
demonstrated by DFT calculation. To preliminarily demonstrate the potential of this probe “on-
field”, solid paper strips where pre-treated with BNOH and exposed to light after contact with
the analyte, demonstrating an excellent sensitivity to detect PA both in solution and as powder.
The results herein presented highlight the great potential of this probe for electronic sensing in

real explosives, water pollutants, soil sensors, etc., playing a positive role in homeland security
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and explosive detection.
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Chapter 4 Development of a versatile optical pH sensor array for discrimination

of anti-aging face creams
Abstract
The authentication of cosmetic products has always been a prominent concern. Here, we have
developed a pH sensor and applied it in the field of cosmetic safety. Initially, we designed two
probes, CH with aggregation-induced emission (AIE) effect and the near-infrared fluorophore
derivative CYTYR. By encapsulating them with DSPE-PEG2000-NH2, we obtained the
CYCH nano-micelles with fluorescence resonance energy transfer (FRET) response. By
combining them into a sensor array called pC, we achieved sensitive detection of a wide pH
range, ranging from 5.25 to 9.05. To validate the performance of the pC sensor array, we
employed a multi-channel mode and applied it to differentiate commercial anti-aging creams.
Through linear discriminant analysis and 3D fingerprint analysis, the pC sensor array
successfully distinguished anti-aging creams from different countries, providing a rapid and
accurate method for cosmetic safety identification. The results of this study demonstrate the
potential of the pC sensor array for quick authentication of cosmetic products, offering
significant support and application prospects in safeguarding consumer health.
Key words: Cosmetic products; pH sensor; Fluorescence resonance energy transfer (FRET);
Anti-aging creams; Consumer health
4.1 introduction
Anti-aging products are becoming increasingly popular in the market.[182] Recently, with the
increasing level of globalization, the phenomenon of counterfeit cosmetics has become more
prevalent.[183-185] Some manufacturers, driven by profit, produce and sell counterfeit and
inferior products. One of the most common types of fraud is the adulteration of products
claiming to be natural, often by adding cheaper ingredients and harmful chemicals (such as
industrial-grade glycerin) along with other additives.[186-190] Another deceptive practice
involves counterfeiting and labeling low-quality and inexpensive anti-aging products with
expensive brand names, or producing the same product with different prices on the same
production line. The fight against cosmetic fraud is becoming increasingly important.

The pH value plays a crucial role in cosmetics, especially in anti-aging creams, where it is
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considered an essential factor. [191, 192]The pH value of a cream is crucial for its efficacy,
stability, and compatibility with the skin. Anti-aging creams offer various benefits to humans,
such as reducing wrinkles, increasing skin elasticity, and enhancing skin radiance, thereby
keeping the skin youthful. These results are closely related to the pH environment of the cream.
Typically, the pH range of anti-aging creams falls between 5 and 8, which is close to the natural
acid-alkaline balance of the skin.[193-195] A correct pH value helps the active ingredients in
the cream to exert their optimal effects. For example, many anti-aging ingredients, such as
antioxidants and peptides, are vital for maintaining the youthful state of the skin. However,
these active ingredients remain stable within a specific pH range. By precisely controlling the
pH value of the cream, the stability of these active ingredients can be ensured, thereby providing
the best anti-aging effects. Furthermore, the pH value of the cream also affects the compatibility
with the skin. The pH value of the skin is typically maintained around 5.5, which is slightly
acidic[196]. Creams that have a pH value similar to that of the skin are more easily absorbed
and cause less irritation and discomfort. This is particularly important for individuals with
sensitive skin. If the pH value of the cream is too high or too low, it may damage the skin barrier,
leading to dryness, irritation, and discomfort. Therefore, ensuring an optimal pH value of anti-
aging creams can maintain the skin in healthy condition and maximize the benefits of anti-aging
products.[ 182, 188]

Fluorescent sensing arrays, often referred to as "artificial noses,” excel in substance
identification. These sensors manifest distinct luminescent characteristics when exposed to
various substances, enabling swift and accurate identification through linear discrimination.
Their applications span a broad spectrum, demonstrating remarkable proficiency in discerning
drugs[197], explosives[180], and vapors within the realm of hazardous materials.
Environmental applications showcase effective differentiation of minerals[198] and organics in
water resources[199]. In the realm of food safety, these arrays have successfully identified
complex mixtures, including the nuanced aroma of coffee[200]. Notably, while fluorescent
sensing arrays have found diverse applications, their utilization in evaluating skin care products
remains an unexplored domain.

Over the past few decades, various methods for identifying counterfeit cosmetics have been
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aging face creams
developed, including mass spectrometry, ultraviolet-visible (UV-vis) spectroscopy, infrared (IR)
spectroscopy, and gas chromatography. [201-205]Although these techniques have been proven
to be successful to some extent, certain drawbacks, such as expensive equipment and
preliminary procedures for sample purification, hinder their widespread application in rapid
identification. [206-213] Therefore, there is a need for the development of simple and rapid
methods for discerning the authenticity and quality of cosmetics.
4.2 Experiment
4.2.1 Materials and methods
Unless otherwise specified, materials were obtained from Sigma-Aldrich and used without
further purification. DSPE-PEG2000-NH2 (25 mg/mL in chloroform solution) was purchased
from Sigma. Deionized water was obtained by Milli-Q water purification system (Millipore)
with electrical conductivity of 18.2 s/m. Using tetramethylsilane (TMS) as the internal standard,
1H and 13C NMR spectra were recorded on 14 T Bruker Avance III spectrometer. Mass spectra
were recorded on the Brook Electron spray lonization Mass Spectrometer (ESI-MS). The UV-
Vis absorption spectrum was collected by CARY 50 biological spectrophotometer (Varian Inc.,
CA., USA). Fluorescence spectra were measured on Fluoromax-4 fluorescence
spectrophotometer (HoribaJobinYvon Inc., USA). Spectra were recorded at 25 °C, with
excitation and emission slits of 3 nm. The 8 anti-aging creams used in this study were unopened
samples provided by the manufacturers at the time of purchase. All samples were within their
expiration dates, ensuring their freshness and effectiveness.
4.2.2 Synthesis of CH
Compound CH was synthesized using a method described in previously published literature.*°
Under argon gas protection, compound 1, 2-(3,5,5-trimethylcyclohex-2-en-1-
ylidene)malononitrile (0.2 g, 1.07 mmol) and 4-hydroxybenzaldehyde (2, 0.22 g, 1.5 mmol)
were dissolved in 3 mL acetonitrile. Then piperidine (0.5 mL, 5.06 mmol) was added to the
solution and the mixture was heated to reflux at 85°C for 16 h. The reaction was monitored
until reactant 1 disappeared. Subsequently, the solution was extracted using ethyl acetate (3 X
25 mL) and water. The organic layer was washed with 1 N HCI (30 mL) and saturated salt water,

before being dried with anhydrous sodium sulfate to obtain red crude solid. Column
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chromatography separation (dichloromethane: methanol = 60:1 to 10:1) resulted in 162 mg
(orange solid) with a yield of 51%."H NMR (600 MHz, DMSO-d) & 8.10 (s, 2H), 7.81 (d, J =
7.6 Hz, 2H), 7.66 (d, J= 7.7 Hz, 2H), 7.47 (d, J=16.1 Hz, 1H), 7.28 (d, /= 16.2 Hz, 1H), 6.92
(s, 1H), 2.63 (s, 2H), 2.56 (s, 2H), 1.01 (s, 6H)., >*C NMR (151 MHz, DMSO) 4 170.96, 156.33,
138.08, 137.96, 135.16, 130.59, 127.37, 123.63, 114.42, 113.59, 77.15, 42.91, 40.65, 40.53,
40.39, 40.26, 40.12, 39.98, 39.84, 39.70, 38.74, 32.27, 28.02, 27.65. MS (ESI): calculated for
CioH19BN2O; [M+H]": 318.15, found 318.15.
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Fig. 4.1. "H NMR spectrum of CH in deuterated DMSO.
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Fig. 4.3. Mass spectrum of CH.

4.2.3 Synthesis of CYTYR
CYTYR was synthesized in a one-step reaction from IR783(2-[2-[2-Chloro-3-[2-[1,3-

dihydro-3,3-dimethyl-1-(4-sulfobutyl)-2H-indol-2-ylidene]-ethylidene]-1-cyclohexen-1-yl]-
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ethenyl]-3,3-dimethyl-1-(4-sulfobutyl)-3H-indolium hydroxide). IR783 and tyramine (3) were
dissolved in 1 mL of DMF and reacted at 85°C for 3 hours. The solvent was then removed by
vacuum distillation. Column chromatography separation (dichloromethane: methanol = 3:1 to
1:1) resulted in 36 mg blue solid with a yield of 61%.'"H NMR (600 MHz, Methanol-ds) &
7.68 —7.61 (m, 2H), 7.35 (d, /= 7.4 Hz, 2H), 7.31 (t, /= 7.8 Hz, 2H), 7.09 (qd, /= 7.2, 4.7,
2.8 Hz, 8H), 6.78 (dd, J = 16.2, 8.0 Hz, 4H), 4.05 (t, /= 6.8 Hz, 2H), 3.98 (d, /= 6.9 Hz, 4H),
3.01 (d,J=9.8 Hz, 4H), 2.89 (q, /= 7.3 Hz, 8H), 2.51 (t, /= 6.5 Hz, 4H), 1.75 (p, /= 7.9,
7.1 Hz, 2H), 1.61 (s, 12H), 1.32 (d, J = 13.7 Hz, 2H)."*C NMR (151 MHz, MeOD) & 169.85,
165.81, 158.33, 145.46, 142.23, 140.38, 133.33, 132.20, 131.72, 131.65, 130.79, 130.55,
130.34, 129.29, 124.77, 123.91, 122.80, 117.67, 117.62, 111.07, 96.71, 70.05, 53.24, 52.99,
50.35, 50.21, 50.07, 49.92, 49.78, 49.64, 49.50, 44.68, 43.17, 41.12, 38.17, 37.87, 34.72,
32.56, 31.06, 30.03, 27.68, 27.10, 25.89, 25.56, 24.94, 24.60, 23.55, 15.31, 12.32. MS (ESI):

calculated for C46Hs¢N3O7S, [M+H]": 826.36, found 826.19.
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Fig. 4.4. "H NMR spectrum of CYTYR in deuterated methanol
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Fig. 4.5. 13*C NMR spectrum of CYTYR in deuterated methanol
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Fig. 4.6. Mass spectrum of CYTYR

4.2.4 Preparation of phospholipid-based sensors

CH-lipo and CYTYR-lipo sensors were prepared using the modified film hydration technique.
Initially, CH was dissolved in THF and CYTYR was dissolved in methanol to create a stock

solution with a concentration of 1 mM for both chemicals. A mixture of 0.01 mL CH or CYTYR
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(10 pmol) from the stock solution and 0.03 mL of DSPE-PEG2000-NH; (25 mg/mL in CHCls)
was prepared at a mass ratio of approximately 1:100. The organic solvent was then removed
using vacuum rotary evaporation, resulting in a dry lipid film containing the dye. The dried film
was hydrated with 1 mL of deionized water and sonicated for 1 minute to obtain a clear stock
solution of the two sensors with a dye concentration of 20 pM, which was used for absorbance
and emission measurements.

For the CHCY-lipo sensor, the following general methods were employed. CH and CYTYR
stock solutions were mixed at a molar ratio of 1:10 (10 pL CH 1 mM in THF + 100 pL CYTYR
1 mM in MeOH) and combined with DSPE-PEG2000-NH> (25 mg/mL in CHCIs) at a mass
ratio of approximately 1:15. The organic solvent was then removed by vacuum rotary
evaporation, resulting in a dry lipid film containing the dyes. The dried film was hydrated with
1 mL of deionized water and subjected to sonication for 1 minute to obtain a clear stock solution
of sensors with a CH/CYTYR dye concentrations of 10 uM/100 pM. To prepare the test sensors
solution, 0.2 mL of the stock sensors solution was mixed with different pH buffers (0.8 mL),
resulting in a test sensors solution with a CH/CYTYR dye concentrations of 2 pM/20 uM for
absorbance and emission measurements. Other CHCY-lipo sensors were prepared differing in
the CH/CYTYR molar ratios: 1:1, 1:4, 1:6 and 1:8.

4.2.5 FRET efficiency

The efficiency of FRET effect (E) was calculated according to the following equation:

E:].—(FDA/ FD) S41

where FDA is the fluorescence intensity of the donor (CH) in the presence of the acceptor

(CYTYR), and FD is the fluorescence intensity of the donor in the absence of the acceptor.

4.2.6 Assessment of pH responsiveness of the sensors

Using CH as a typical example, the probes were incubated with various ionic solutions at a
concentration of 10 mM. The fluorescence spectra were measured to evaluate the response
reliability. The ONOO" was prepared using the method described in the published literature.*
A buffer solution (10 mM) was prepared by dissolving citric acid and sodium citrate in water

to test a broad pH range from 2.0 to 11.0. CH-lipo, CYTYR-lipo, and CHCY-lipo were added
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to the appropriate pH buffer solutions to obtain a concentration of fluorescent dyes of 20 pM.
Fluorescence readout were recorded using a Microplate reader using the following excitation
and emission wavelengths:
CH-lipo: Excitation at 500 nm, Emission at 650 nm.
CYTYR-lipo: Excitation at 645 nm, Emission at 760 nm.
CHCY-lipo: Excitation at 500 nm, Emission at 760 nm..
4.2.7 pC to distinguish anti-aging creams
To obtain a 1 mg/mL solution, the 8 investigated face creams were dispersed in water. The
resulting solutions were then distributed evenly in a 96-well plate in a 8x3 arrangement. Next,
the pH sensors were added to the wells, obtaining a solution with a concentration of 20 uM of
fluorescent material. The plate was carefully handled to ensure proper mixing of the sensor with
the face cream solution in each well. The plate was then placed in a microplate reader equipped
with UV fluorescence detection capabilities. The reader was set to record the UV fluorescence
data at the appropriate excitation and emission wavelengths for the sensors used. The test for
the unknown cream was carried out similarly to the experiment above. The parameters of the
six detection channels are:
Channel 1 and Channel 2 are for CH-lipo, Excitation at 500 nm, Emission at 650 nm.
Channel 3 and Channel 4 are for CYTYR-lipo, Excitation at 645 nm, Emission at 760 nm.
Channel 5 and Channel 6 are for CHCY-lipo, Excitation at 500 nm, Emission at 760 nm.
4.3 Result and Discuss
This work aimed at designing a fluorescence pH sensing array, named pC, capable of detecting
pH in a broad range of values and testing it on commercially available anti-aging face creams.
The pC array consisted of three nanosized components (CH-lipo CYTYR-lipo, and CHCY-lipo)

based on CH and CYTYR dyes.
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Fig. 4.7. Synthetic routes of CH (a) and CYTYR (b).

CH and CYTYR were synthesized through two simple synthetic steps (Fig. 4.7). CH molecule
was obtained by the Knoevenagel condensation reaction of malononitrile-modified isoflurane
and p-formylphenylboronic acid under argon protection, whereas CYTYR was synthesized
with high yield by heating IR783 compound and tyramine in DMF. The choice of the two dyes
was based on the expected pH dependence of their spectral properties.

Boronic acid moieties undergo deprotonation in alkaline solutions (pKa 9-10), resulting in
changes in their molecular properties, whereas malononitrile derivatives possess strong
electron-withdrawing capabilities. On this basis, the connection between malononitrile and
phenylboronic acid through a carbon-carbon double bond forms a large acceptor-acceptor (A-
A) conjugated structure. However, under alkaline conditions, boronic acid undergoes
deprotonation, and the molecular structure transforms into a donor-acceptor (D-A) system,
leading to significant spectral changes. Although CH dye has been already reported in
literatures, it has never been investigated as pH sensor.[214] The CYTYR dye was selected for
the peculiar pH dependence of its spectral pattern, which is the result of the protonation of the
meso-amino group, whose pK, was reported to be in the 3-6 range,* thus extending the pH
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detection range of the array to the acidic side. Moreover, the spectral properties of CH and
CYTYR are very suitable to promote a FRET system, where CH acts as donor and CYTYR as
acceptor.

To enable FRET mechanism and overcome the low water solubility of the dyes, CH and
CYTYR were formulated, individually and in combination, with 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE-PEG2000-NH2) to form nanomicelles in water,[215-217] which
also improves the stability of the pC array. The absorption and fluorescence properties of CH-
lipo, CYTYR-lipo, and CHCY-lipo can exhibit different and distinct pH profiles, and their
combination enables a wide range of pH detection and discrimination. As energy acceptor, the
tyrosine-modified cyanine dye CYTYR was considered. At low pH values, CH dye exhibits
weak fluorescence, and its emission wavelength does not match the absorption of CYTYR,
resulting in no FRET effect. However, when pH increases, CH undergoes deprotonation,
resulting in a red shifted emission and FRET coupling with the CYTYR acceptor. Therefore,
the combination of the spectral features these dyes may allow the extension of the pH sensing

region across both acidic and alkaline regions, in the 4.7-9.2 range (Fig. 4.8).
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First, the spectral characteristics of CH and CYTYR dyes were evaluated in THF and methanol,
respectively (Fig. 4.9). The maximum absorption and emission wavelengths pairs were 400/490

nm for CH, and 645/760 nm for CYTYR.
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Fig. 4.9. a) Normalized UV and fluorescence spectra of CH in THF solution. b) Normalized

UV and fluorescence spectra of CYTYR in methanol

Interestingly, under alkaline conditions (pH 11), CH deprotonated with a consequent red shift
of the absorption/emission pair and increase of the Stokes shift (450 nm/650 nm). Interestingly,
in this condition the emission wavelength of the deprotonated CH dye matched well the
absorption of CYTYR dye, thus enabling an energy transfer (Fig. 4.8a, Fig. 4.10). CH and

CYTYR dyes also exhibited a solvent-dependent fluorescence (Fig. 4.11).
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Fig. 4.10. Normalized UV and fluorescence spectra of CH and CYTYR in pH 11 buffer
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Fig. 4.11. a) Fluorescence emission curves of CH in different organic solvents. b) Fluorescence

emission curves of CYTYR in different organic solvents

Compared to THF, the emission of CH was reduced in hexane (associated with a blue shift), in
methanol and DMF (associated with a red shift in both solvents) and increased in acetonitrile
and chloroform. Compared to methanol, the fluorescence intensity of CYTYR was reduced in
acetonitrile (blue shift) and chloroform (no shift) and was similar in DMF. All these
observations are in good agreement with the solubility of the dyes in the different solvents and
the effect of solvent polarity on the spectral pattern.

The concentration dependence of the fluorescence emission was determined for both the dyes.
The emission of CH in THF showed a linear behavior up to a concentration around 10 uM, after
which the fluorescence quenched and decreased for a concentration higher than 50 uM, likely

due to collisional quenching effects (Fig. 4.12).
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Fig. 4.12. a) Fluorescence emission spectra of different concentrations of CH in THF b)

Fluorescence emission intensity of CH at 500nm as a function of concentration

Also the concentration dependence for CYTYR in methanol exhibited a linear correlation up

to 10 uM, and a limited quenching at higher concentrations (Fig. 4.13).

Fig. 4.13. a) Fluorescence emission spectra of different concentrations of CYTYR in
methanol. b) Fluorescence emission intensity of CYTYR at 760nm as a function of

concentration

It is worth noting that upon addition of water in a 10 mM THF solution of CH, the typical
pattern resulting from the occurrence of aggregation-induced emission (AIE) effects. In fact,
upon increasing the water fraction, the emission of the dye at 500 nm progressively decreased
with a consequent appearance of a redshift emission at 570 nm, which is the only emission

detectable when the water fraction reached 98% (Fig. 4.14a).
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Fig. 4.14. a) Fluorescence emission curves of CH in THF solutions containing different
proportions of water. b) The curve of the ratio of the fluorescence emission intensity at 570nm
to 500nm as a function of the volume fraction of water in the solution
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Plotting the fluorescence intensity 570/500 ratio, a steep increase of the red shift emission due

to the AIE effect was detected water content larger than 70% (Fig. 4.14b).

To overcome the limited water solubility of the dyes and promote a pH dependent FRET
mechanism, the CH/CYTYR pair were formulated in nanoaggregates using DSPE-PEG2000-
NH: phospholipid (7.5 mol%) as surfactant (CHCY-lipo). Formulations containing the
individual dyes CH (CH-lipo) and CYTYR (CYTYR-lipo) were also prepared.

The nanoparticle features of the formulations were evaluated by Dynamic Light Scattering
measurements, which allowed the determination of the average hydrodynamic size,
polydispersion index, and the zeta-potential of the aggregates at pH 4.4, 7.4, and 11.6 (Table
4.1).

Table 4.1. Dynamic light scattering particle size and Zeta potential of CH-lipo, CYTYR-lipo

and CHCY-lipo in difference pH.

pH PDI Size(nm) Zeta-potential(mV)

CH-lipo 4.4 0.293 186 -7.57
CH-lipo 7.4 0.231 185 -1.47
CH-lipo 11.6 0.069 604 -36.1
CYTYR-lipo 4.4 0.315 298 -2.89
CYTYR-lipo 7.4 0.333 91 -3.79
CYTYR-lipo 11.6 0.261 203 -15.4
CHCY-lipo 4.4 0.473 326 2.61
CHCY-lipo 7.4 0.296 102 -9.52
CHCY-lipo 11.6 0.047 645 -354

The aggregates spanned a quite broad size range, from 90 nm to 600 nm, and size dispersion
(0.05 to 0.5), without a clear dependence on pH and dye composition. As expected, the zeta-
potential generally displayed high negative values at pH 11.6, and more positive values as pH
decreased, likely reflecting the deprotonation of the terminal amino group of the phospholipid
used in the formulation.

The mixed CHCY-lipo sample was also formulated as a function of the CH/CYTYR molar ratio
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from 1:1 to 1:10. The emission spectra of these samples (excitation at 500 nm) at pH 11.6 are

displayed in Figure 4.15. FRET effect started to be detectable in the formulation with the 1:4

molar ratio and reached the maximum efficiency (E = 96.4 %) for the 1:10 formulation.
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The FRET process is promoted by the incorporation of the dyes in the nanoaggregates and upon

addition of TritonX-100 for disassembling the nanoparticles, the emission of the CH dye was

recovered (Fig. 4.16).
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Fig. 4.16. Fluorescence emission curves of CHCY-lipo with and without Triton X-100
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Next, the spectral properties and pH responsiveness of CH-lipo, CYTYR-lipo, and CHCY-lipo
was assessed.
The absorption spectra of CH-lipo over the 2-10 pH range displayed a pattern fully consistent
with the presence of an acid-base equilibrium with a maximum absorption around 410 nm at

acidic pH and a broader red shifted signal around 500 nm at the basic side (Fig. 4.17a).
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Fig. 4.17. a) UV absorption spectra of CH-lipo in different pH buffer solutions. b) Fluorescence
emission spectra of CH-lipo in different pH buffer solutions at a concentration of 20 pM.
Excitation wavelength: 500 nm, slit width: 3 nm. c) Sigmoidal Boltzmann function fitting curve
of the ratio of fluorescence intensities at 655 nm and 570 nm as a function of pH. d) Derivative
curve of the fitting function in Figure 1¢, where 75% of the maximum value is taken as the pH-

sensitive response range.

By plotting the pH dependence of the absorption 500/410 nm ratio, a clear inflection point at

ca. pH 9 was observed, in agreement with the expected pK, for a phenylboronic moiety (Fig.
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4.18a). The fluorescence emission of CH-lipo (excitation at 500 nm) reflected the absorption
pattern, with a signal at 570 nm for the protonated dye, and a red shifted emission at 655 nm
for the deprotonated molecule (Fig. 4.17b). The values of the fluorescence intensity 655/570
ratio were fitted with an S-shaped Boltzmann function, and a pK, values of 8.96 (in good
agreement with the deprotonation of the phenylboronic acid moiety) was obtained from the
inflection point (Fig. 4.17¢). A pH detection range between 8.68 and 9.25 (ApH = 0.57) was

determined for this system (Fig. 4.17d, Fig.4.18b-c).
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Fig. 4.18. a) 500nm/410nm UV intensity ratio versus pH. b) The linear relationship between
the absorption intensity ratio and pH. c¢) The linear relationship between the emission intensity

ratio and pH. d) Pictures of optical changes in pH from low to high (left to right) CYTYR-lipo

CYTYR-lipo sample exhibited a different behavior. In acidic environment, the dye displayed
an absorption peak around 500 nm, whose intensity decreased under alkalization, while a red
shifted absorption around 630 nm appeared and reached the maximum intensity at pH 7.8. The
blue shifted absorption in acidic condition can attributed to the protonation of the amino group
located at the meso position of the polymethine chain of the dye as already reported for other
similar systems.[218, 219]Therefore, in neutral and alkaline conditions, the meso-amino group
deprotonates, and the absorption spectrum displays the typical pattern associated with a cyanine
dye (Fig. 4.19a). Similarly, the fluorescence emission (excitation at 645 nm) displayed a pH
dependence in excellent agreement with the presence of acid/base pair with a pK, of 5.7 (Fig.
4.19b-d). Consequently, the pH detection range of this system was found to be 5.23-6.16 (ApH
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Fig. 4.19. a) UV absorption spectra of CYTYR in different pH buffer solutions. b) Fluorescence
emission spectra of CYTYR-lipo in different pH buffer solutions at a concentration of 20 pM.
Excitation wavelength: 645 nm, slit width: 3 nm. ¢) Sigmoidal Boltzmann function fitting curve
of the ratio of fluorescence intensities at 760 nm as a function of pH. d) Derivative curve of the
fitting function in Figure 2¢c, where 75% of the maximum value is taken as the pH-sensitive

response range.

The spectral pattern of the mixed formulation CHCY-lipo (CH/CYTYR 1:10 molar ratio) is

shown in Fig. 4.20.
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Fig. 4.20. a) UV absorption spectra of CHCY in different pH buffer solutions. b) Fluorescence
emission spectra of CHCY-lipo in different pH buffer solutions at a concentration of 20 pM.
Excitation wavelength: 500 nm, slit width: 3 nm. ¢) Sigmoidal double Boltzmann function
fitting curve of the ratio of fluorescence intensities at 760 nm as a function of pH. d) Derivative
curve of the fitting function in Figure 3c, where 75% of the maximum value is taken as the pH-

sensitive response range.

The absorption spectra displayed a quite complex pattern in the 400-500 nm range with a
general reduction in the signal intensity from acidic to alkaline environments, with an opposite
signal intensity vs. pH trend in the spectral region around 600 nm. Alkaline conditions produced
a new absorption peak at 450-500 nm (Fig. 4.20a). The emissive pattern of this sample (upon
excitation at 500 nm) was predominantly characterized by a single emission at 760 nm arising
from the CYTYR dye, whose intensity progressively increased over the 3-12 pH interval (Fig.
4.20b-c).

The combined effect (deprotonation of CYTYR + deprotonation of CH and resulting FRET
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effect) of the two dyes in the nanoaggregates upon excitation at 500 nm allowed the extension

of the pH responsiveness of this system that spanned over more than 4 pH units (4.69-9.01).
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Fig. 4.21. a)The linear relationship of the fluorescence emission intensity of CYTYR-lipo at
760nm with pH 5.23-6.16. b)The linear relationship of the fluorescence emission intensity of
CHCY-lipo at 760nm with pH 7.6-9.3. c) Pictures of optical changes in pH from low to high
(left to right) CYTYR-lipo.d) Pictures of optical changes in pH from low to high (left to right)

CHCY-lipo.

With the aim of assessing the potential of the nanoaggregates for pH sensing purposes of anti-
aging creams, their photostability and possible interferences with metal ions were evaluated.
CH-lipo exhibited excellent photostability during multiple acid-base cycles (pH 3.4 and 12.6),
while CYTYR-lipo and CHCY-lipo showed a slight reduction in the fluorescence emission in
the same challenge (Fig. 4.22a-c).

Concerning potential interference with the presence of metal ions, the results reported in Fig.
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S11d demonstrate that the emission of the three systems is almost unaffected by the presence

of nine metal ions selected for this experiment.
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Fig. 4.22. Comparison curve of emission intensity of a) CH-lipo b) CYTYR-lipo and ¢) CHCY-

lipo with multiple pH changes (pH 3.4-12.6) d) Comparison of fluorescence emission intensity

after co-incubation of CH-lipo ,CYTYR-lipo and CHCY-lipo and ions

Based on these promising observations and the distinct pH sensing properties of CH-lipo,

CYTYR-lipo, and CHCY-lipo, we established the pC pH sensing array (Fig. 4.23).
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Fig. 4.23 Explanation of the application of the pC sensor array in differentiating various anti-
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aging creams.

The sensing array was conceived with six channels utilizing the UV-vis absorption and
fluorescence emission of CH-lipo, CYTYR-lipo, and CHCY-lipo for detection. Each probe was
mixed with buffers at different pH values, and the final concentration of dyes was set to 20 pM.
The absorption and fluorescence intensities were recorded after 3 minutes. As shown in Fig.
4.24a, pC array exhibited different quenching effects at the different examined pH values. The
quenching ratio (calculated as (I - Io)/Io or (A - Ag)/Ay) for all sensing channels were measured
within the range of -1 to 1.5, with pH 7.4 in PBS solution as reference. Linear discriminant
analysis (LDA) was used to generate a fingerprint pattern for the pH sensing of the array (Fig.
4.24b). The first two principal components (83.2% and 15.3%) were sufficient to easily

differentiate the pH values, as better highlighted in the 3D fingerprint pattern (Fig. 4.24c¢).
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Fig. 4.24. a) Quenching ratios of pC at different pH values. b) Two-factor linear discriminant
analysis fingerprint plot of pC for pH sensing. c¢) Three-factor linear discriminant analysis

spatial fingerprint plot of pC for pH sensing.

Then, we applied the pC array to test a series of eight popular anti-aging worldwide produced
face creams available in the market. High-quality products often use natural ingredients to
protect the skin, while counterfeit products may add chemicals to achieve a deceptive
appearance, leading to irreversible damage with long-term use. For example, polyphenols can
act as antioxidants in skin care products.

However, polyphenolic compounds, flavonoids in particular, can interact with proteins both

through nonspecific forces (e.g., hydrogen bonding and hydrophobic effects) and by covalent
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bond formation, forming complexes that impact protein function, solubility, stability.[220]
Some unscrupulous businessmen will get this effect by adding phenol, but excessive phenol
can cause skin discomfort. Excess phenol can affect the pH of skin care products, and we can
use pC to identify it. The declared pH values of the anti-aging face creams ranged between 5.4
and 8.1 (Table 4.2).

Table S2 Anti-aging face cream product information of 8 brands from 8 countries

Brand Product Region pH

1 Herborist Herborist Rejuvenating Cream China 54

2 La Mer La Mer Cream U.S. 6.3

3 Lancome Lancome Absolue Premium Bx France 7.7
Cream

4 La Prairie La Prairie Cellular Cream Switzerland 6.8

Platinum Rare

5 Dr. Hauschka Dr. Hauschka Regenerating Day Germany 7.4
Cream
6 Shiseido Shiseido Future Solution LX Japan 8.1
7 Acqua di Acqua di Parma Barbiere Italy 6.9
Parma Revitalizing Face Cream
8 Sulwhasoo Sulwhasoo Concentrated Ginseng  South Korea 8.0

Renewing Cream

Solution of face cream at a concentration of 10 mg/mL was mixed with the pC array, resulting
in a final dye concentration of 20 uM, and absorbance and emission were measured in the six
channels (Fig. 4.25). A different quenching ratio was measured for each channel for the
different creams, with face creams 1 and 2 that exhibited a more significant quenching, and
creams 5 and 6 that showed a similar quenching pattern. The 2D fingerprint pattern successfully
separated six of the face creams, but it was unable to differentiate face creams 4 and 7 as well
as 6 and 8, which showed some overlapping (Fig. 4.25b). By incorporating a third factor in the
LDA analysis (Factor 1: 74.2%, Factor 2: 23.7%, Factor 3: 1.7%), and analyzing the 3D spatial

fingerprint pattern, all the creams were well differentiated (Fig. 4.25¢).
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Fig. 4.25. a) Quenching ratios of pC at different creams. b) 2D analytical fingerprints of pC
with eight face creams. ¢) Three-factor linear discriminant analysis spatial fingerprint plot of

pC for creams sensing.

We further challenged the pC array with a solution of two randomized cream mixtures at a
concentration of 10 mg/mL. The results indicated that pC performed well in the test. The two-
dimensional fingerprint pattern successfully separated multiple blends of creams, with only

individual overlaps when Cream 1 and Cream 3 were mixed with the other creams (Fig. 4.26).
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Fig. 4.26. 2D analytical fingerprints of pC with eight mix face creams
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However, by adding a third factor, the three-dimensional spatial fingerprint pattern successfully
analyzed all mixture solutions, with each mixture of creams having its own unique fingerprint

pattern, suggesting that pC array has also a great potential for mixture identification (Fig. 4.27).
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Fig. 4.28. 3D analytical fingerprints of pC with eight mix face creams

To further validate the accuracy of the pC array, we randomly selected a supplementary package
of one face cream as an unknown sample for testing, and the results showed that the method
successfully identified Cream X as the supplementary package of Cream 7 (Fig. 4.29a). In the
ongoing exploration of the discriminative performance of pC array against counterfeit creams,
we intentionally introduced various substances (formaldehyde, phenol, mercury ions, hydrogen
peroxide, and acetone) into the selected eight creams. These substances represent common
industrial compounds extensively utilized in the production of fraudulent cosmetics. The 3D

fingerprint of cream 1 added with the “counterfeiting” substances revealed a distinct
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identification of the modified cream (Fig. 4.29b), likely attributable to pH alterations and/or
changes in the physico-chemical properties of the dyes induced by the added substances.
Encouragingly, analogous positive outcomes were achieved for the remaining creams as well
(Fig. 4.30). Notably, the entire identification process for each set of samples was completed

within 15 minutes, demonstrating the rapid, accurate, and convenient characteristics of the test.

a b
o] * - .
o 72 |
| » »
- = 1 -
g | e |
5 a4
o 9 Cream?
5 i o (::.nm 3 I’ » @ Croam |
4
¥ ; ;vc.n: 2 @ formuidehs de ]
= 1 @ peml
' @ Cream 5 "" , 3 -
| @ Cream# | @ Wydregen peronide
*9 @ Croam?7 @  meroary chlonide
| @ Cream 0 @ sccone
s @ Cream

Fig. 4.29. a) 3D fingerprinting of unknown cream X identified by pC. b) 3D fingerprinting of

cream 1 with pC identification of added and unadded industrial compounds
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Fig. 4.30. 3D fingerprinting of creams 2-8 with and without added industrial compounds

identified by pC.

4.4 Conclusion

In summary, this work reports the synthesis and characterization of two novel dyes, CH and
CYTYR, with peculiar pH responsiveness properties. CH exhibits aggregation-induced
emission (AIE) effect in water and undergoes a red shifted fluorescence emission under alkaline
conditions that matches the absorption of CYTYR, thus allowing an efficient FRET effect. The
dyes were combined with a phospholipid to form nanoaggregates, whose spectral patterns were
utilized to design a six-channel pH sensing array with a pH detection interval between 4.7 and
9.25. The performance of this array was tested to evaluate the quality of eight commercially
available anti-aging face creams. Linear discriminant analysis of the 3D fingerprint patterns
demonstrated the ability of the array to effectively distinguish the different brands of the anti-
aging products. Moreover, the array was challenged to analyze artificially sophisticated creams,
further confirming the great potential to assess the quality of the products and identify possible
frauds. The characterization of the products was completed within 15 minutes, showcasing the

potential of the method in quality control tests in cosmetics industry.
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Chapter 5 A nanoliposome with FRET properties for ratiometric detection of
hypochlorous acid

Abstract

Two probes, Se-TPA and CYLYS, have been synthesized, characterized, and formulated in
liposomes (CST-lipo) to promote a FRET effect for the detection of hypochlorous acid. Under
460 nm excitation, the ratio of the emission intensity of CST was proportional to the
concentration of hypochlorous acid at 610 nm and 760 nm, with up to a 20-fold change in the
ratio in the presence of the analyte. The detection range was 0-30 uM and the detection limit
was as low as 17.5 nM. DFT calculations and mass spectral characterization confirmed the
response mechanism. In addition, we tested the selectivity and stability of Se-TPA, CYLY'S and
CST-lipo and obtained promising results that suggest that CST has great potential for
hypochlorite detection and rheumatoid arthritis imaging.

Key words: FRET; AIE; ratiometric detection; hypochlorous acid

5.1 Introduction

Hypochlorous acid (HClO)is a powerful oxidant and a key component of the immune response
for neutrophils and macrophages.[221-224] When the body is attacked by bacteria, viruses, or
other pathogens, the immune system releases hypochlorous acid to fight off the infection. In
addition, hypochlorous acid can regulate immune responses and help the body fight
inflammation and infection.[225-228] Hypochlorous acid is one of the most important reactive
oxygen species (ROS), which is produced by the reaction of hydrogen peroxide and chloride
ions in living systems catalyzed by myeloperoxidase (MPO).[8, 229-233] Excessive production
of HCIO is related to a variety of diseases, including cancer, atherosclerosis, neurodegenerative
diseases and chronic inflammation. Rheumatoid arthritis (RA) is a chronic autoimmune
inflammatory disease. It is understood that it is related to early The overproduction of HCIO in
RA is closely related, although the cause has not been fully elucidated. There are many methods

to detect and imaging HCIO, such as X-ray, MRI, and ultrasound imaging, but these methods
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often have certain limitations in use, [224, 234-240] therefore there is still a need to develop
new fluorescent probes to selectively and sensitively detect HOCI. Near-infrared (NIR)
fluorescent probes are more conducive to in vivo imaging due to their deep tissue penetration,
less light damage, non-invasiveness, and high sensitivity and selectivity. [221-223, 241-251]
Here, two near-infrared emitting probes, Se-TPA and CYLYS, have been designed and
developed. Se-TPA can produce AIE effects in water, whereas CYLY'S was designed based on
the cyanine dye IR783. This series of derivatives has strong penetration depth and good water
solubility, making it very suitable for in vivo imaging. By embedding a mixture of the two
probes in a liposome (CST-lipo), a FRET system was obtained for a highly selective and
sensitive detection of HCIO. CST-lipo has good stability and high selectivity and it can detect
trace amounts of hypochlorous acid.

5.2 Experiment

5.2.1 Materials and methods

Unless otherwise noted, materials were obtained from commercial supplier’s Sigma and used
without further purification. DSPE-PEG2000-NH2 was purchased from Sigma as a 25 mg/mL
chloroform solution. Nitric oxide was provided by sodium nitroprusside and ONOO" was
prepared according to the literature method.[252] Deionized water was obtained by Milli-Q
water purification system (Millipore) with electrical conductivity of 18.2 s/m. Using
tetramethylsilane (TMS) as the internal standard, 'H and *C NMR spectra were recorded on
Bruker Avance III spectrometer at 600 MHz frequency. The mass spectrometry was recorded
on the Brook Electron spray lonization Mass Spectrometer (ESI-MS). The UV-Vis absorption
spectrum was collected by CARY50 biological spectrophotometer (Varian Inc., CA., USA).
The fluorescence spectrum was measured on Fluoromax-4 fluorescence spectrophotometer
(HoribaJobinYvon Inc., USA). The spectrum was recorded at 25 °C, and the excitation and
emission slits are 3nm. The 8 anti-aging creams used in this study were unopened samples
provided by the manufacturers at the time of purchase. All samples were within their expiration

dates, ensuring their freshness and effectiveness.
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5.2.2 Synthesis of Se-TPA
Se-TPA was synthesized according to published literature methods. [253]
5.2.3 Synthesis of CYLYS
CYLYS can be synthesized in a one-step reaction from IR783. IR783 and 5 were dissolved in
1 mL of DMF and reacted at 85°C for 3 hours. The solvent was then removed by vacuum
distillation. Column chromatography separation (dichloromethane: methanol = 3:1) resulted
in 38 mg blue solid with a yield of 62%. MS (ESI): calculated for C4cHssN3O7S, [M+H]":

819.34, found 819.34

an .l
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Fig. 5.1 Mass spectrum of CYLY'S

5.2.4 Synthesis of CST

For the CST-lipo sensor, the following general methods were employed. The Se-TPA and
CYLYS were mixed at a molar ratio of 1:4. A Se-TPA stock solution (10 uL, 1 mM in THF)
and a CYLYS stock solution (40 uL, 1 mM in MeOH) were combined with 5%DSPE-
PEG2000-NH2 (25 mg/mL in CHCIs) and 2% 1-hexadecanoyl-2--(9Z-octadecenoyl)-sn-
glycero-3-phosphocholine; POPC; . The organic solvent was then removed by vacuum rotary
evaporation, resulting in a dry lipid film containing the dyes. The dried film was hydrated with

1 mL of deionized water and subjected to sonication for 1 minute to obtain a clear stock solution
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of sensors with a dye concentration of 10 uM /40 uM. To prepare the test sensors solution, 0.2
mL of the stock sensors solution was mixed with different pH buffers (0.8 mL), resulting in a
test sensors solution with a CST-lipo dye concentration of 2 uM / 20 uM for absorbance and
emission measurements. CST-lipo samples with different Se-TPA/CYLYS ratio (1:1, 1:2, 1:3)
were also prepared.

5.2.5 Selectivity study

Using Se-TPA as a typical example, the probe was incubated with various 10mM ionic. The
fluorescence spectra were measured to evaluate the response reliability.

5.2.6 The sensor of CST to pH

A buffer solution (10 mM) was prepared by dissolving citric acid and sodium citrate in water
to achieve the desired pH range from 2.0 to 11.0. Se-TPA, CYLYS, and CST-lipo were added
to the appropriate pH buffer solutions to obtain fluorescence buffer solutions at a concentration
of 20 uM. The data for their respective response wavelengths were recorded using Microplate
reader. The excitation and emission wavelengths used were as follows:

Se-TPA: Excitation at 475 nm, Emission at 645 nm.

CYLYS: Excitation at 645 nm, Emission at 760 nm.

CST-lipo: Excitation at 475 nm, Emission at 760 nm.

5.2.7 Density Functional Theory (DFT) Calculations.

To understand the difference in spectral and chemical properties between the new
functionalized compound Se-TPA and CYLYS, the calculations have been performed on them
using the Gaussian 09 program package. The ground state geometries were optimized with
B3LYP/6-31G (d). The HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) of the molecules were visualized with Gauss View 05.

5.3 Result and discuss

In order to develop hypochlorous acid probes with high sensitivity and selectivity, we
introduced a fluorescent sensor named CST-lipo, which offered rapid, sensitive, and highly
selective detection of hypochlorous acid. CST-lipo was composed of four key components: Se-

TPA and CYLYS dyes, 2%POPC, and 5%DSPE-PEG2000-NHo.. It is worth noting that Se-TPA
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and CYLYS were easily synthesized with high yields, as detailed in Scheme 5.1.
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Scheme 5.1 Synthetic routes of Se-TPA and CYLY'S

Se-TPA had been synthesized following a well-established procedure documented in the
literature. The boronic acid derivatives of triphenylamine and dibrominated
benzoselenothiazoles had been readily coupled through the Suzuki reaction to yield Se-TPA
under mild reaction conditions. CYLYS was prepared via the reaction of IR783 with the
corresponding amine in DMF. When commercially available DSPE-PEG2000-NH2 and POPC
are combined with a mixture of Se-TPA and CYLYS, it was self-assembled into nanoliposome
in an aqueous milieu, enabling Forster resonance energy transfer (FRET).

The benzoselenothiazole derivatives in Se-TPA possessed a formidable electron-withdrawing
ability. By linking benzoselenethiazole and triphenylamine through a Suzuki reaction, a large
donor-acceptor-donor (D-A-D) conjugated structure was crafted. This structure exhibited

excellent aggregation-induced emission (AIE) properties, with aggregates in an aqueous
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medium emitting vibrant fluorescence. Consequently, Se-TPA was employed as the FRET
energy donor, while the diethylaminomorpholine-modified anthocyanine dye, CYLYS, was
introduced as the energy acceptor.

In the presence of hypochlorous acid, CYLYS underwent oxidation, inducing a transformation
in its molecular structure. The originally conjugated double bond was oxidized to form ethylene
oxide, resulting in quenching the CYLYS emission, preventing FRET effect, and recovering

Se-TPA fluorescence. (Scheme 5.2)

FRET ON
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Scheme. 5.2 The mechanism of CST detection of hypochlorous acid.

Fig. 5.2 shows the spectral characteristics of Se-TPA and CYLYS. The maximum absorption
and emission wavelengths for Se-TPA was 475 nm and 650nm, respectively, whereas the same
absorption/emission pair for CYLYS are 645 nm and 760 nm. The excellent overlapping
between the emission of Se-TPA and the absorption of CYLYS makes these dyes perfect
candidates for promoting an efficient FRET effect. It is worth noting that these spectra were
acquired in water. Although Se-TPA is insoluble in water, its unique AIE properties make its
fluorescence emission in water still strong, while CYLYS showed a much better water solubility

primarily caused by the presence of the two sulfonic moieties.
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Fig. 5.2, Normalized spectra of Se-TPA and CYLYS, where the solid line is the emission

spectrum and the dashed line is the absorption spectrum.

To investigate potential disparities in the optical properties of Se-TPA and CYLYS across
different solvent environments, a series of dissolution effect experiments were conducted.
Remarkably, substantial disparities in the emission intensity were observed for Se-TPA upon
changing the solvent polarity. In fact, As the solvent polarity increased, the maximum emission
wavelength of Se-TPA exhibited a pronounced redshift, albeit accompanied by a concomitant
decline in emission intensity (Fig. 5.3A). Particularly noteworthy was the nearly negligible
fluorescence emission intensity observed in ethanol, the most polar solvent, when compared to
hexane. Fig. 5.3B portrays the emission spectra of CYLYS in several solvent systems. The
emission spectra displayed a slight redshift concomitant with increasing solvent polarity. It is
worth noting that the most prominent redshift for CYLYS was observed in a PBS solution,

while concurrently exhibiting the lowest emission intensity at the same concentration.
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Fig. 5.3 A) Emission spectrum curves of Se-TPA in different solvents. B) Emission spectrum

curves of CYLYS in different solvents.

In Fig. 5.4A, the emission of Se-TPA in a THF solution at 645 nm was scrutinized as a function
of the dye concentration. The fluorescence intensity was linearly correlated to the concentration
up to 50 mM. Beyond this concentration, the emission intensity started quenching and
approached a plateau at the highest concentration investigated (500 uM). The inset graph
illustrates the linear correlation between concentration and emission intensity, substantiating

our choice of 10 uM as the optimal test concentration.
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Fig. 5.4 A)Fluorescence emission curves of Se-TPA in THF as a function of concentration. B)
Trend of fluorescence intensity of Se-TPA at 645 nm. C) The linear relationship of fluorescence

intensity at 645 nm as a function of concentration 0-50 uM

Fig. 5.5A portrays the emission profile of different concentrations of CYLY'S (peak at 760 nm)
in PBS buffer. Fig. 5.5B shows that the fluorescence is linearly correlated with the

concentration up to 20 mM. A further increase in concentration led to a fluorescence quenching,
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a phenomenon attributable to a m-n stacking of the CYLYS molecules. The diminished
fluorescence due to high concentration is analogous to n-m stacking of planar macromolecules.
Such stacking is common in planar molecules such as pyrene and perylene. [6] The production
of massive stacking leads to mutual depletion of intermolecular energy and fluorescence

quenching.
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Fig. 5.5A) Fluorescence curves of CYLYS as a function of concentration in PBS. B) Emission
intensity change at 760nm, inset is the linear relationship between concentration and emission

intensity.

We also investigated the AIE properties of Se-TPA dyes by varying the water content in the
mixture of water-soluble organic solvent (THF) and water. Fig. 5.6B shows that the emission
intensity of Se-TPA in THF/H,O mixtures with water contents ranging from 0 to 80 vol%
decreased with increasing the water content. When the water content was further increased to
50%, an intense emission peak was observed at 610 nm, and this new emission peak continued

to enhance with increasing water content.

101



Synthesis and Application of Novel Fluorescent Molecules

A 100000 - B
100 =
80000 }
80
> 60000 | =
o = 80
c >
£ 5
£ 40000 - £
2
£ W}
20000 +
20
0F
L L L L L ol M A L N L L
500 550 800 650 700 %0 800 0 10 20 W 40 % e T 80 90
wavelength{nm) wo%

Fig. 5.6A) Fluorescence emission curves of Se-TPA in different ratios of THF/water mixed

solutions. B) Trend of fluorescence intensity of Se-TPA at 645 nm.

The behavior observed for Se-TPA in 90% water well agrees with the expected pattern of the
AIE phenomenon due to the formation of dye aggregates, which was also confirmed by the
dynamic light scattering (DLS) results (Fig. 5.7). The weaker emission of Se-TPA in the
THF/water mixtures with fy of 90% compared to that with £, of 80% is probably due to the

difference in aggregate morphology.[253]
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Fig. 5.7 Particle size distribution of Se-TPA aggregates in 90% water.

After understanding the basic characteristics of CYLYS and Se-TPA, we started to try to

establish their FRET relationship. To enable FRET, the dyes were incorporated in pegylated
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liposomes. Liposome formulations with different molar ratio between the two dyes were
prepared and compared with liposomes incorporating the individual dyes.

Fig. 5.8A shows the emission spectra of the different liposomes investigated. When the
excitation was placed at 460 nm, only the liposome loaded with Se-TPA showed a maximum
emission at 610 nm and almost no emission at 760 nm. Similarly, liposomes incorporating only
CYLYS exhibited a maximum emission at 760 nm under 650 nm excitation. For the mixed
liposomes, as the Se-TPA content increased, the 460 nm excitation was used, and the emission
intensity at 760 nm was greatly enhanced, suggesting the occurrence of the FRET effect. The
liposomes with a Se-TPA/CYLY'S molar ratio 4:1 did not form due to the presence of a Se-TPA
precipitate. On the contrary, increasing the amount of CYLYS revealed that the fluorescence
emission intensity at 760 nm also increased, partly due to the fluorescence enhancement
induced by FRET and partly due to the fluorescence enhancement induced by increasing
concentration of CYLYS itself. At the same time, the fluorescence emission intensity at 610 nm
keeps decreasing as the content of CYLYS increases. At the Se-TPA/CYLYS ratio 1:4, the
emission intensity at 610 nm is basically close to 1:3, which indicates that the liposome has
reached the optimum. The emission intensity ratio between 760 nm and 610 nm of the
liposomes examined, and reported in Fig. 5.8B, reached a maximum value at the ratio 1:4,
which was selected for the next experiments and named CST-lipo. After this we made "clinical"
liposomes, we opted to use 2% POPC and 5% DSPE-PEG2000-NH2 As the synthetic material

of liposome, CYLYS is 4eq of Se-TPA. Obtained the liposome CST.
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Fig. 5.8 A) Fluorescence emission curves of liposomes formed with different ratios of Se-
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TPA/CYLYS. B) The relationship between the intensity ratio and ratio of 760nm and 610nm.

To further confirm that FRET is produced by the two dyes in liposomes, we performed liposome
stability experiments and the results proved that the fluorescence of FRET is heavily dependent
on the stability of liposomes. Fig. 5.9 demonstrated that adding Triton-X100 to the CST-lipo
sample, the emission spectrum significantly changed, with the recovery of the emission from
Se-TPA and the decrease of the emission of CYLYS, observations consistent with the reduction
of the FRET coupling. We were computed the spectral overlap integral and determine that the
distance between the two molecules is Ry=5.06nm, meeting the necessary conditions for FRET

to take place[10]. The resulting FRET efficiency was found to be 81%.
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Fig. 5.9 Fluorescence emission curves of CST in PBS buffer (black) and in PBS buffer (red)

with TritonX-100

The pH dependence of the emission was tested on the two dyes and CST-lipo. The fluorescence
of Se-TPA was unaffected by pH (Fig. 5.10A), while the samples containing CYLYS were
characterized, upon decreasing pH values, by a reduction in the intensity of the emission peak
at 760 nm and the appearance of a new emission peak at 680 nm. We believe that this is an

alteration of the emission due to the the protonation of the secondary amine in CYLYS. (Fig.
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5.10B). Fig. 5.10C reports the pH dependence of the emission intensity ratio between 760 nm

and 660 nm, which exhibited a linear dependence in the 3.5-5.5 pH range (see inset).
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Fig. 5.10 A) Changes in fluorescence emission intensity with pH in PBS for Se-TPA, CYLYS
and CST B) Fluorescence emission curves of CYLYS at different pH. C) The relationship of
1760/1680 with pH, the inset shows the linear relationship between the ratio and pH at pH3.5-

5.5.

The pH dependence of the emission of CST-lipo sample is displayed in Fig. 5.11A. The
incorporation of the dye in the liposomes attenuates the pH effect on CYLYS, and the emission
at 760 nm is partly retained at acidic pH. On the other side, the emission peak at 610 nm is
reduced. Fig. 5.11B shows that for this sample the pH dependence of the 760/610 ratio is not

linear, but quadratic in the 2-1-6.8 pH range (see inset).
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Fig. 5.11 A) Fluorescence curve of CST as a function of pH. B) the relationship between the

ratio of 760nm and 610nm and pH. The illustration is the quadratic linearity of pH2.1-6.8
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relation.

The photostability of the sample (Fig. 5.12), over one hour of illumination, was good, with only

a slight decrease in the emission of CYLY'S dye, when not incorporated in liposomes.
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Fig. 5.12 Photostability of probes over 60 minutes

Next, the response of CST-lipo to sodium hypochlorite was tested in PBS at pH 7.4 (Fig. 5.13A).
By increasing the amount of the analyte, the fluorescence intensity at 760 nm decreased
progressively, while the emission intensity at 610 nm increased. The Fig. 5.13B reports a
comparison between the photograph of the real samples before and after adding sodium

hypochlorite solution.

The ratio fluorescence increases nearly 20 times before and after the response.
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Fig. 5.13A) Ratio-response spectral curves of CST-lipo as function of 0-100 pM sodium

hypochlorite. B) CST-lipo samples under bright (left photograph) or UV (right photograph)

light. In each photograph, the left tube contained CST-lipo prior the addition of sodium

hypochlorite.

By plotting the emission intensity ratio between 610 nm and 760 nm, an excellent linearity up
to a 30 mM concentration of hypochlorite ion was obtained (Fig. 5.14). In these experimental

conditions, a detection limit of 17.5 nM was determined for hypochlorous acid using CST-lipo
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Fig. 5.14 A) The relationship between the emission intensity ratio of CST at 610nm and 760nm
and the concentration of sodium hypochlorite solution. B) The linear relationship between

sodium hypochlorite concentration and emission intensity ratio for 0-30 uM.

CYLYS exhibited remarkable sensitivity to hypochlorite and underwent rapid oxidation upon
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exposure to hypochlorite, resulting in the quenching of near-infrared (NIR) fluorescence. (Fig.
5.15A) Conversely, Se-TPA displayed relative stability in the presence of hypochlorite,
facilitating the realization of ratio-based hypochlorite detection. (Fig. 5.15B) As hypochlorite
concentration varied, the fluorescence of CYLYS diminished, while that of Se-TPA was
rekindled. According to the mechanism described in ref. 7, CYLYS and hypochlorous acid may
form an oxirane derivative at the double bond, causing the fluorescence quenching at 760 nm,
and the new substance formed has no absorption wavelength at 650 nm. FRET will end at this

time, AIE fluorescence recovery of Se-TPA.
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Fig. 5.15 A) Response spectral curves of CYLYS as function of 0-100 uM sodium hypochlorite.
B) Response spectral curves of Se-TPA as function of 0-100 uM sodium hypochlorite. C) The
linear relationship between sodium hypochlorite concentration and CYLY'S emission intensity
at 760nm for 0-20 uM. D) The relationship between the emission intensity of Se-TPA and

CYLYS at 610nm and 760nm and the concentration of sodium hypochlorite.

The emission at 610 nm (excitation 460 nm) for Se-TPA, CYLYS and CST-lipo samples was
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also measured dynamically in the presence of sodium hypochlorite 5 pM (Fig. 5.16). CYLY'S
dye did not emit, thus confirming that the emission detected in CST-lipo was due to Se-TPA
dye after the inactivation of the FRET effect, thus showing that sodium hypochlorite can only
simply quench the fluorescence of CYLY'S, but cannot make it produce a new emission peak at
610nm. The fluorescence intensity of CST-lipo increased with time up to 1 h, while Se-TPA
was stable in sodium hypochlorite. So the signal at 610nm is emitted by Se-TPA after FRET is

destroyed.
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Fig. 5.16 5uM sodium hypochlorite solution, Se-TPA (blue), CYLYS (red) and CST-lipo (black)

fluorescence intensity changes at 610nm.

The reaction with the analyte also caused a significant change in the size of CST-lipo sensor.
DLS analysis (Fig. 5.17) showed that the hydrodynamic diameter of liposomes was around 230
nm (PDI 0.3) before the addition of sodium hypochlorite, and decreased to less than 100 nm

(PDI 0.3) in the presence of the analyte.
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Fig. 5.17. A) Particle size distribution of CST. B) CST after response with C1O"

To further confirm the mechanism of action of the sensor, an excess of hypochlorite was added
to a solution of CYLY'S and the system was analyzed by mass spectrometry. Fig.5.18 showed
that the double bond of CYLYS was oxidized first, and as the concentration of hypochlorite
increased, the oxidized ethylene oxide began to follow the indole portion of the indole, and the
amino with morpholine portion of the oxidized, and eventually formed aldehydes. The
oxidation of the double bond resulted in the electron flow being impeded and the fluorescence

of CYLYS disappeared. This result agrees with previous reports in the literature. [8]

Pak CX8 HIOTTEA ACKH
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Fig. 5.18 Mass spectra of CYLYS after addition of an excess of sodium hypochlorite.
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We also performed density-functional theory (DFT) calculations using Gaussian 09 B3LYP/6-
31g(d) to further explain the reaction mechanism. (Fig. 5.19) The CYLYS molecule's main
electrons are concentrated near the morpholine group, while its empty orbitals are distributed
in the cyanine body. The energy difference between these two regions is only 0.6eV, which
aligns with FRET production conditions since Se-TPA has an excitation energy of 2.41eV.
However, after reacting CYLY'S with hypochlorous acid, the reaction structure is destroyed and
electrons shift towards ethylene oxide in the cyanine body. Energy is mainly provided by alpha
orbital and there is a significant increase in energy difference although it does not exceed that
of Se-TPA at 2.41eV. Unfortunately, this new product no longer absorbs light within a range of

600-650nm; Therefore, FRET cannot occur due to blocked absorption spectrum.
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Fig. 5.19. Molecular model optimization and HOMO, LUMO orbital energy levels before and

after the reaction of Se-TPA and CYLY'S with hypochlorous acid

Finally, we performed a test to assess the selectivity of CST-lipo to detect the analyte (Fig. 5.20).
Despite the presence of reactive oxygen and reactive nitrogen species, CST-lipo was able to
show good stability, with significant selectivity only to sodium hypochlorite. The results
obtained for CYLYS were very similar to those of CST-lipo, while Se-TPA was much more

stable, showing little sensitivity to ions and reactive molecules.
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5.4 Conclusion

In summary, we designed and synthesized two probes, Se-TPA and CYLYS, and characterized
their properties. Se-TPA exhibited AIE properties in water, with an emission peak at 650 nm
corresponding to the absorption peak of CYLYS. Both were used to fabricate a clinical
liposome CST with FRET effect. Ratio metric detection of hypochlorous acid was achieved
with CST under 460 nm excitation, and the emission intensity ratios of CST at 610 nm and 760
nm were proportional to the concentration of hypochlorous acid in the range of 0-30 uM, with
a limit of detection as low as 17.5 nM. DFT calculations and mass spectrometry characterization
confirmed the response mechanism. We also tested Se-TPA, CYLYS, and CST for selectivity
and stability with excellent results. With the above characterization, we believe that CST has

great potential for the detection of hypochlorite and rheumatoid arthritis imaging.
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Chapter 6 Conclusion
In our research work, we focus on the development and application of various fluorescent
probes for specific sensing purposes. These probes are tailored for specific analytical tasks,
have unique properties, and show great potential in different applications.
1. Amino-Modified PDI Probe (N-PBI) for NO Sensing:
In our work, we designed and synthesized an amino-modified PDI probe (N-PBI) for selective
sensing of nitric oxide (NO) in different environments (including cellular and atmospheric
environments) for selective sensing of nitric oxide (NO).N-PBI has excellent nitric oxide
selectivity, sensitivity, large Stokes shift, and near-infrared emission. In addition, we have
achieved excellent detection sensitivity with a detection limit as low as 13 nM, which allows
for the detection of NO in cells and air when used as a thin film. Together, these discoveries
highlight N-PBI's superior ability to image NO, and hold great promise for the early detection
of diseases associated with endogenous NO imbalance.
2. Fluorescent Probe (BNOH) for Picric Acid Detection:
In our study, we successfully designed and tested a fluorescent probe named BNOH, which
contains a B-N bond and a hydroxyl group, and was mainly used for the sensitive detection of
the explosive picric acid (PA).BNOH possesses an aggregation-induced emission (AIE) effect
in aqueous environments, which shows a strong fluorescent signal.The interaction between
BNOH and PA leads to a significant fluorescence quenching, which indicates high selectivity
and sensitivity. This quenching mechanism is attributed to the formation of a stable 1:1 adduct
between BNOH and PA, driven by n-n stacking and light-to-charge transfer. In addition, our
results demonstrate the practical application of BNOH for field sensing as it can effectively
detect PA in both solution and powder forms, which demonstrates the great potential of BNOH
for homeland security and explosives detection efforts.
3.pH Sensing Array (pC) Using Two Probes (CH and CYTYR):
In the next study, we designed two pH-sensitive probes, CH and CYTYR. CH has aggregation-
induced emission (AIE) properties and produces red-shifted fluorescence under alkaline
conditions with a new emission peak at 655 nm. When combined in nanomicelles, CH and

CYTYR produce a FRET effect under alkaline conditions. This combination led to the
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development of the pH sensing array pC, enabling sensitive pH detection and extending the pH
measurement range from 5.25 to 9.05. Notably, we validated the ability of the pC to differentiate
between a variety of commercially available anti-aging creams within 15 minutes,
demonstrating its great potential in the cosmetic safety industry for identifying product origin
and quality.

4. Clinical Liposome CST for Hypochlorous Acid Detection:

In our research initiatives, we designed and synthesized two probes, Se-TPA and CYLYS,
characterizing their properties and applications. Se-TPA demonstrated Aggregation-Induced
Emission (AIE) characteristics in water, with an emission peak corresponding to CYLYS. These
probes were utilized to create a clinical liposome CST with a FRET effect, enabling the ratio
metric detection of hypochlorous acid. This approach covered a broad detection range and
achieved an impressive limit of detection as low as 17.5 nM. Further investigations through
DFT calculations and mass spectrometry confirmed the response mechanism. Se-TPA, CYLYS,
and CST displayed excellent selectivity and stability, reinforcing the significant potential of
CST for hypochlorite detection and its potential applications in theumatoid arthritis imaging.
Collectively, our collaborative efforts in developing and utilizing these various fluorescent
probes have made significant contributions to the fields of chemical sensing, diagnostics,
security, and environmental monitoring. The unique properties of each probe, along with their
promising detection capabilities, offer a wide range of applications, from early disease detection
to homeland security and cosmetics quality assurance. Our work underscores the vital role of
tailored fluorescent probes in advancing scientific research and addressing real-world

challenges.
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